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Abstract The economically important genus Arachis

(Fabaceae) comprises 80 species restricted to South

America. One monograph on the genus divided it into nine

sections and included an intuitive assessment of evolu-

tionary relationships. There is no comprehensive phylo-

genetic study of the genus. To test the current systematic

treatment of the genus, we reconstructed a phylogeny for

Arachis using nuclear ITS and plastid trnT–trnF sequences

from 46 species representing all nine sections. ITS cloning

of the allotetraploid species of section Arachis indicated

the presence of A and B genome alleles and chimeric

sequences. Our study revealed that species from section

Extranervosae were the first emerging lineage in the genus,

followed by sections Triseminatae and Caulorrhizae, and

two terminal major lineages, which we refer to as erecto-

ides and arachis. The lineage erectoides comprises mem-

bers of sections Erectoides, Heteranthae, Procumbentes,

Rhizomatosae, and Trierectoides. Species in the arachis

lineage form two major clades, arachis I (B and D genomes

species and the aneuploids) and arachis II (A genome

species). Our results substantiated the sectional treatment

of Caulorrhizae, Extranervosae, and Triseminatae, but

demonstrated that sections Erectoides, Procumbentes, and

Trierectoides are not monophyletic. A detailed study of the

genus Arachis with denser taxon sampling, additional

genomic regions, plus information from morphology and

cytogenetics is needed for comprehensive assessment of its

systematics.

Keywords Arachis � Peanut � Molecular phylogeny �
Systematics � Evolution � Concerted evolution

Introduction

The genus Arachis (Fabaceae, subfamily Papilionoideae,

tribe Dalbergieae) contains approximately 80 species

including the economically important cultivated peanut,

A. hypogaea (Krapovickas and Gregory 1994; Lavin et al.

2001; Valls and Simpson 2005; Wojciechowski et al.

2004). Krapovickas and Gregory (1994) indicated that the

most defining morphological features of the genus are the

underground structures, including the fruits, rhizomatous

structures, root systems, and hypocotyls. Species of Arachis

are distributed east of the Andes Mountains and south of

the Amazon River, with the highest diversity around the

eastern border of Bolivia and western Brazil (Krapovickas

and Gregory 1994). Gregory et al. (1980) cited central

Brazil as the center of origin for Arachis and northern

Argentina or southern Bolivia as the center of origin of the

domesticated peanut. The peanut is among the 30 most

important crops that feed the world (Hammer et al. 2003)

and is cultivated in more than 100 countries with a 37.1

metric tons global production. Other species of Arachis, for

example A. villosulicarpa, have also been cultivated as
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indigenous food crops (Galgaro et al. 1997). In addition,

A. glabrata, A. pintoi, and A. repens are grown as forage

crops (Galgaro et al. 1998).

There is no comprehensive molecular systematic study

of the genus. The latest monograph on Arachis was based

on morphology, geographic distribution, cytogenetics, and

hybridization success (Krapovickas and Gregory 1994). It

recognized 69 species, dividing them into nine sections:

Arachis, Caulorrhizae, Erectoides, Extranervosae, Heter-

anthae, Procumbentes, Rhizomatosae, Trierectoides, and

Triseminatae. Recently, 11 additional species were recog-

nized in Arachis (Valls and Simpson 2005). Although these

studies advanced our knowledge on sectional classifica-

tions, ambiguities remain in Arachis systematics and phy-

logenetics. The section Arachis is the largest, containing

31 species, or 45% of all currently recognized species

(Krapovickas and Gregory 1994; Valls and Simpson 2005).

It is the most studied of the nine sections because it con-

tains the cultivated peanut and its gene pools (Singh and

Simpson 1994). The section is further divided into three

groups of species based on genome type: A, B, or D

(Smartt et al. 1978; Stalker 1991), with the allotetraploids

cultivated A. hypogaea and wild A. monticola containing

AB genomes. The phylogenetic relationships among these

species are not fully understood.

Most of the Arachis species are diploid based on x = 10

(Krapovickas and Gregory 1994). However, there are five

tetraploid species (2n = 4x = 40) and four aneuploid

species (x = 9, 2n = 2x = 18) (Krapovickas and Gregory

1994; Lavia 1998; Peñaloza and Valls 1997). Two of the

tetraploids (A. hypogaea and A. monticola) are in sect.

Arachis, and the remaining three are in sect. Rhizomatosae

(A. glabrata, A. pseudovillosa, and A. nitida) (Krapovickas

and Gregory 1994; Valls and Simpson 2005). Three of the

aneuploids, A. decora, A. palustris, and A. praecox, belong

to sect. Arachis (Lavia 1998; Peñaloza and Valls 1997), but

their genomic identity and phylogenetic position has not

been established. The fourth aneuploid, A. porphyrocalyx,

is placed in sect. Erectoides (Peñaloza and Valls 2005).

Krapovickas and Gregory (1994) presented an illustra-

tion of intuitive ‘‘evolutionary and phylogenetic relation-

ships’’ among the nine sections of Arachis based on

information from crossability, morphology, and geography.

They concluded that Erectoides, Extranervosae, Heter-

anthae, Trierectoides, and Triseminatae are ‘‘older’’ sec-

tions whereas Arachis, Caulorrhizae, Procumbentes, and

Rhizomatosae are more ‘‘recent’’ in origin. They indicated

that species from sect. Erectoides produce hybrids with

members of other sections. Although most intersectional

hybrids are sterile, Krapovickas and Gregory (1994) con-

sidered sect. Erectoides to be less isolated than the other

sections. Other studies provided cytogenetic evidence of

closer genomic relationships between Erectoides and most

of the remaining sections (Gregory and Gregory 1979;

Stalker 1981; Valls and Simpson 1994). However, Krapo-

vickas and Gregory (1994) maintained that the use of

cytogenetic studies to elucidate the phylogenetic relation-

ships among the sections and species is insufficient because

of the genetic barriers among Arachis species caused by

geographic isolation and an autogamous reproductive

system.

Relationships among species and sections of Arachis

have been evaluated using molecular markers such as

restriction fragment length polymorphism (RFLP) and

random amplification of polymorphic DNAs (RAPD)

(Barkley et al. 2007; Creste et al. 2005; Galgaro et al. 1998,

1997; Gimenes et al. 2002b). All of these studies were

based on phenetic analyses using the unweighted pair

group method using arithmetic averages (UPGMA). Some

of these studies supported the Krapovickas and Gregory

(1994) classification whereas others raised questions con-

cerning the validity of some sections, for example sect.

Heteranthae and Rhizomatosae. Hoshino et al (2006) were

the first to include all nine sections of Arachis in a phenetic

analysis (UPGMA) of microsatellite data. Most of the

species were grouped in their respective sections as defined

by Krapovickas and Gregory (1994). However, some of

sect. Procumbentes species grouped with species from sect.

Erectoides, and a few grouped with sections Trierectoides

and Heteranthae. Their study also showed that members of

sect. Heteranthae failed to group together, which is in

agreement with the findings of Galgaro et al. (1998).

Two studies used DNA sequence information to exam-

ine species relationships in Arachis, but the focus was on

sect. Arachis and the putative progenitors of A. hypogaea

(Jung et al. 2003; Tallury et al. 2005). Jung et al. (2003)

used sequences of stearoyl-ACP and oleoyl-PC desaturases

from seven species of sect. Arachis and analyzed the data

using maximum parsimony (MP). Their unrooted tree

provided further support for the origin of the A and B

genomes of A. hypogaea from A. duranensis and A. ipa-

ensis, respectively. Tallury et al. (2005) used plastid trnT–

trnF sequences to examine the evolutionary relationships

among the genomes in sect. Arachis and the affinities of the

aneuploid species for these genomes. Using maximum

likelihood (ML), the unrooted tree showed that the B and D

genome species are more closely related to each other than

to the A genome species, and that the aneuploids are closer

to the B and D genome species.

We present here a molecular phylogenetic study repre-

senting all nine sections and recognized genomes of the

genus Arachis using sequence information from two

intergenic spacers, one intron of the plastid trnT–trnF

region, and both nuclear ribosomal internal transcribed

spacers (ITS1 & 2). DNA sequence information from these

regions has been successfully used to depict the
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phylogenetic relationships among species within genera of

Fabaceae (Tun and Yamaguchi 2007; Vander Stappen et al.

2002). The data were analyzed phylogenetically using

maximum parsimony and Bayesian inference. We also

applied TCS network analysis to assess relationships

among genomes and alleles within the ITS region, because

of the presence of diverse sets of haplotypes, including

potential chimeras.

Materials and methods

Taxon sampling

We analyzed a total of 48 accessions representing 46

species from all nine sections of Arachis recognized by

Krapovickas and Gregory (1994). Stylosanthes humilis and

S. fruticosa were chosen as outgroups on the basis of their

sister group relationship to Arachis (Lavin et al. 2001). We

generated new ITS and trnT–trnF sequences for 34

accessions and supplemented the ITS datasets with 14

GenBank sequences. These GenBank sequences did not

have corresponding trnT–trnF sequences and genomic

DNA was not available for them. Consequently, we gen-

erated two datasets for the ITS, one that included the 34

accessions plus four clones sequenced in our laboratory,

which matches exactly the trnT–trnF dataset, and the

second included all 48 accession plus the four clones,

which we will refer to as the ‘‘extended dataset’’. Species

examined, sectional affiliation, and sources of material are

listed in Table 1.

DNA extraction, amplification, cloning, and sequencing

Genomic DNA extraction followed Milla et al. (2005)

using fresh leaf material. The ITS region, including ITS1,

5.8S, and ITS2, was amplified using primers ITS4 and

ITS5 (White et al. 1990) in a 25-ll reaction mixture con-

taining 19 ThremoPol buffer (New England Biolabs,

Ipswich, MA, USA), 200 lM dNTPs, 20 pmol of each

primer, and 1.5 U Taq DNA polymerase. The amplifications

were carried out in a PTC-100 (MJ Research, Waltham,

MA, USA) with a 2-min initial denaturing step at 94�C,

35 cycles of 2 min denaturing at 94�C, 1 min of primer

annealing at 52�C, and 1.5 min extension at 72�C, followed

by a final extension of 5 min at 72�C.

Amplifications of the trnT–trnF region were carried out

using universal primers (Taberlet et al. 1991) as described

in Tallury et al. (2005). Primers rps4-166F and trnL-P6/7

(Quandt et al. 2004) were used to generate amplified

products when the universal primers failed to amply the

trnT–trnL region. PCR-amplified products for the ITS and

trnT–trnF regions were resolved on 1% TAE-agarose gel

containing 0.03 mg ethidium bromide and were cleaned

using QIAquick PCR purification or QIAquick gel

extraction kits (Qiagen, Valencia, CA, USA). Cycle-

sequencing reactions were carried out using ABI Big Dye

Terminator Ready Reaction (Applied Biosystems, Foster

City, CA, USA), following standard procedures, and then

electrophoresed on an Applied Biosystems 3730 automated

sequencer at the Core Sequencing Facility at VBI, Virginia

Tech, VA, USA, or at the DNA Analysis Facility of Duke

University, NC, USA.

The amplified ITS regions from the allotetraploid spe-

cies A. hypogaea and A. monticola were ligated into the

pGEM-T Easy vector (Promega, Madison, WI, USA) to

separate multiple alleles suspected from double peaks in

pherograms from direct sequencing of PCR amplifications

of genomic DNAs. Ligated plasmids were heat shocked

into JM109 Escherichia coli cells (Promega). Positive

colonies were detected via blue–white screening and grown

using standard procedures. Positive clones were grown and

DNA was isolated by the plasmid miniprep procedure

(Birnboim and Dolye 1979). Inserts were sequenced

directly using the vector specific primers. When direct

sequencing failed, the ITS insert was amplified from the

clones using the ITS primers, and the amplified inserts

were cleaned and sequenced.

Sequence alignment and phylogenetic analysis

Sequences were manually aligned using PhyDE (Müller

et al. 2005) following the alignment rules in Kelchner

(2000). One identified inversion in the trnT–trnL spacer

was positionally separated in the alignments, and later

included as reverse complement in the phylogenetic anal-

yses, as discussed by Quandt et al. (2003) and Borsch and

Quandt (2009). Indels were coded using SeqState (Müller

2005) following the simple indel coding method (Simmons

and Ochoterena 2000). The datasets were analyzed with

indels coded (IC) as binary characters and without the use

of indels (IN). Aligned datasets for the nuclear ITS

(excluding the 26S exon) and plastid trnT–trnF were ana-

lyzed separately and in combination. Because the plastid

genome in Arachis is maternally inherited (Tallury et al.

2005), only the maternal ITS region as identified by the

TCS analysis was used for the allotetraploid species in the

combined analysis. Phylogenetic analysis of the three

datasets was conducted using maximum parsimony in

PAUP* (Swofford 2003) and Bayesian inference (BI) in

MrBayes (Huelsenbeck and Ronquist 2001). Maximum

parsimony analyses were performed as heuristic tree sear-

ches using tree bisection–reconnection (TBR) branch-

swapping with 1,000 random addition sequence replicates,

and incorporating the parsimony ratchet algorithm (Nixon

1999) via PRAP2 (Müller 2007). A strict consensus tree
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Table 1 Arachis and outgroup species included in this study

Genus and section Species Genome Collector no. PI no. GenBank accession
number

Arachis ITS trnT–trnF

Sect. Arachis A. batizocoi Krapov. & W.C. Gregory B K 9484 298639 This study This study

A. benensis Krapov., W.C. Gregory & C.E. Simpson A KGSPSc 35005 475877 This study This study

A. correntina (Burkart) Krapov. & W.C. Gregory A GKP 9530 262808 This study This study

A. cruziana Krapov., W.C. Gregory & C.E. Simpson B KSSc 36024 476003 This study This study

A. decora Krapov., W.C. Gregory, & Valls – – AY615237 –

A. diogoi Hoehne A GK 10602 – This study This study

A. duranensis Krapov. & W.C. Gregory A K 7988 219823 This study This study

A. glandulifera Stalker D KGSSc 30091 468336 This study This study

A. helodes Marti. ex Krapov. & Rigoni A KG 30029 468144 This study This study

A. herzogii Krapov., W.C. Gregory & C.E. Simpson A KSSc 36029 476008 This study This study

A. hoehnei Krapov. & W.C. Gregory A KG 30006 468150 AJ320395 This study

A. hypogaea L. AB – 262090 This study This study

A. ipaensis Krapov. & W.C. Gregory B KGBSPSc 30076 468322 This study This study

A. kempff-mercadoi Krapov., W.C. Gregory & C.E. Simpson A KGSSc 30088 468333 This study This study

A. kuhlmannii Krapov. & W.C. Gregory A VKSSv 8888 – This study This study

A. linearifolia Valls, Krapov. & C.E. Simpson A – – AY615242 –

A. magna Krapov., W.C. Gregory & C.E. Simpson B KGSSc 30093 468338 AF203555 This study

A. monticola Krapov. & Rigoni AB BaRiK 7264 This study This study

A. palustris Krapov., W.C. Gregory, & Valls VPmSv 13023 This study This study

A. praecox Krapov., W.C. Gregory, & Valls VSGr 6416 476128 This study This study

A. schininii Krapov. Valls & C.E. Simpson A – – AY615248 –

A. simpsonii Krapov. & W.C. Gregory A – – AY615247 –

A. stenosperma Krapov. & W.C. Gregory A – – AY615252 –

A. trinitensis Krapov. & W.C. Gregory A WiCla 1117 Grif 14278 This study This study

A. valida Krapov. & W.C. Gregory B VPoBi 9157 Grif 7689 This study This study

A. williamsii Krapov. & W.C. Gregory B WiCla 1118 Grif 14229 This study This study

Sect. Caulorrhizae A. pintoi Krapov. & W.C. Gregory C 18748 604858 This study This study

A. repens Handro C HLK 467 338277 This study This study

Sect. Erectoides A. brevipetiolata Krapov. & W.C. Gregory E2 – – AY61525 –

A. major Krapov. & W.C. Gregory E2 HLKHe 559 338294 This study This study

A. major Krapov. & W.C. Gregory E2 GK 10588 This study This study

A. paraguariensis Chodat & Hassl. E2 GKP 9646 262842 This study This study

Sect. Extranervosae A. burchellii Krapov. & W.C. Gregory Ex – – AY615262 –

A. lutescens Krapov. & Rigon Ex – AY615246 – –

A. macedoi Krapov. & W.C. Gregory Ex GKP 10127 276203 This study This study

A. villosulicarpa Hoehne Ex – – AY615265 –

Sect. Heteranthae A. dardani Krapov. & W.C. Gregory Am GK 12943 273482 This study This study

Sect. Procumbentes A. appressipila Krapov. & W.C. Gregory E3 GKP 9990 261877 This study This study

A. kretschmeri Krapov. & W.C. Gregory E3 – – AY615220 –

A. matiensis Krapov., W.C. Gregory & C.E. Simpson E3 – – AY615249 –

A. pflugeae C.E. Simpson, Krapov. & Valls E3 – – AY615233 –

A. rigonii Krapov. & W.C. Gregory E3 GKP 10034 262142 This study This study

Sect. Rhizomatosae A. burkartii Handro R1 – – AY615245 –

A. glabrata Benth. R2 – – AY615250 –

Sect. Trierectoides A. guaranitica Chodat & Hassl. E1 – 276194 This study This study

A. tuberosa Bong. ex Benth. E1 — 476142 This study This study

Sect. Triseminatae A. triseminata Krapov. & W.C. Gregory T GK 12881 – This study This study

A. triseminata Krapov. & W.C. Gregory T GK 12922 – This study This study

Stylosanthes S. fruticosa (Retz.) Alston – 321413 This study This study

S. humilis Kunth – 275764 This study This study
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was generated for each dataset. Support for the clades was

obtained by performing bootstrap (BS; Felsenstein 1985)

searches with 1,000 replicates and 10 random sequence

replicates. Bayesian analysis was performed using the

GTR ? C? I models, with 1,000,000 generations and 10

runs. Trees were compiled using TreeGraph2 (Müller and

Müller 2004; Stöver and Müller 2010).

A partition homogeneity test (PHT; Farris et al. 1995)

was performed in PAUP* version 4.0b10 (Swofford 2003)

before combined analyses to determine if the ITS and

trnT–trnF regions have significantly different phylogenetic

signals. The PHT was conducted using 100 replicate par-

titions. For each replicate partition, no more than 500 trees

were saved with a score greater than 1. The resulting

P value (0.01) indicated that the two regions are incon-

gruent, which implied that the ITS and trnT–trnF regions

should not be combined. However, PHT has been found to

be sensitive to noise and different mutation rates between

genomic regions, and might not be an accurate measure of

congruence between regions (Baker and Lutzoni 2002;

Darlu and Lecointre 2002; Dolphin et al. 2000). To assess

the potential sources of conflict, the matrices for the two

genomic regions were analyzed separately and in combi-

nation. Comparison of trees derived from the partitioned

analyses showed that support for conflicting nodes was

low, implying soft incongruence (Johnson and Soltis 1998).

Haplotype networks were constructed using TCS

(Clement et al. 2000, 2002). Because only singleton gaps

were observed in the data, the default settings were applied.

The TCS analysis enabled identification of chimeric ITS

sequences that were subsequently excluded from the phy-

logenetic analyses.

Results

ITS alleles and sequence statistics

Amplification and sequencing of the ITS region generated

a single homogenous sequence in each accession with the

exception of the two allotetraploid species A. hypogaea and

A. monticola. In these allotetraploids, the chromatograms

depicted a prominent signal for the putative A genome

allele and secondary peaks appearing as possible back-

ground. Consequently, the genomic ITS PCR products of

the tetraploids were cloned and sequenced. Fourteen clones

were obtained from each of A. hypogaea and A. monticola.

For A. hypogaea, most of the clones corresponded to the

ITS sequence of the A genome species (10 clones; 71.4%)

whereas two clones matched the B genome species (14.3%;

remaining two clones were chimeric as noted below). For

A. monticola, six clones (42.9%) represented the A genome

whereas two clones (14.3%) represented the B genome

(remaining six clones were chimeric as noted below). Most

of the A genome clones clustered with the A. duranensis

haplotype, whereas those with the B genome grouped with

the A. ipaensis haplotype in the TCS analysis (Supple-

mentary Fig. 1). There were a few clones in which the

haplotype differed from either A. duranensis or A. ipaensis

because of mutations in a few positions. When the align-

ment of the A and B genome clones was examined, the

positions where mutational differences were observed

corresponded exactly to the sites of the double peaks. The

two alleles differed by eight substitutions and a single-base

indel. The lower frequency of the B allele in the allote-

traploids may have caused the lower signal (smaller peaks)

in the chromatograms, whereas the one-base gap resulted in

a chromatogram shift that resembled background noise.

Alleles with chimeric sequences (total of seven clones,

24%) were also observed in both allotetraploids. These

included three types of chimera that differ in the genomic

identity of ITS1 and ITS2 regions:

1 ITS1 represents the A allele whereas ITS2 represents

the B allele (two clones, 14.3%);

2 ITS1 represents the B allele whereas ITS2 represents

the A allele (one clone, 7.1%); and

3 one of the ITS regions is a hybrid of the A and B

genomes whereas the other represents one of these two

genomes (five clones; 35.7%).

The complete ITS region sequences varied in length

from 599 bp in A. brevipetiolata to 657 bp in A. hypogaea.

The sequences were trimmed at the 26S rDNA subunit,

63 bp, as these sequences were incomplete for this exon.

Twelve indels of 1–9 bp were required for the alignment of

all the species including the outgroup taxa, resulting in a

total alignment of 614 characters. Of these characters, 153

(25%) were variable, of which 97 (63.4%) were parsimony

informative (PI). The inclusion of indels in the phyloge-

netic analyses increased the number of total characters to

634, the number of variable characters to 174 (27.4%), and

the PI characters to 108 (62.1%).

ITS-based phylogeny

The MP analysis of the 34-taxon dataset that included the

sequences of the cloned alleles of the allotetraploid species

resulted in seven most parsimonious trees of 221 steps

(indels excluded) and six trees of 196 steps (indels inclu-

ded). The consistency index (CI) was 0.913 and the

retention index (RI) 0.938 without indels and 0.905 and

0.932 with indel coding (Table 2). The consensus trees

derived from the analyses of these two datasets were

identical in topology but differed in BS support (Fig. 1).

The Bayesian analyses with and without indels resulted in

50% majority trees that are completely congruent in
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topology and were identical to the MP consensus trees,

differing in degrees of support for some nodes (Fig. 1).

Because topology was the same for MP and BI trees, we

present the BI tree with both BS and posterior probability

(PP) support noted on the branches (Fig. 1).

The monophyly of the genus received maximum PP and

BS support in all cases (Fig. 1). Arachis macedoi (sect. Ex-

tranervosae, Ex genome) was sister to the remaining Arachis

(0.95 PP-IN, 0.89 PP-IC, 62% BS-IN, 54% BS-IC) followed

by A. triseminata (sect. Triseminatae, T genome), excluded

Table 2 Genomic regions used and statistics from the MP analysis including parsimony informative characters (PI), consistency index (CI), and

retention index (RI)

Dataset Size range Alignment length Total characters Variable characters P.I. characters Length CI RI

ITS 599-657 691 614 153 97 196 0.913 0.938

ITS sica 634 174 108 221 0.905 0.932

trnT–trnF 1789–1960 2,052 1,935 202 114 241 0.892 0.912

trnT–trnF sicb 1,995 261 152 336 0.815 0.854

Combined 2,547 355 211 446 0.876 0.909

Combined sicb 2,628 435 260 568 0.835 0.872

a Dataset included indels as coded characters. Indels were coded with the software SeqState (Müller 2005) using the simple indel coding (sic)

option, following Simmons and Ochoterena (2000)
b Portions of the alignment that did not span most of the sequences were excluded

Fig. 1 Bayesian inference 50% phylogeny majority rule consensus

trees for Arachis rooted with Stylosanthes humilis and S. fruticosa and

using the GTR ? C? I model based on sequences from the nuclear

ribosomal ITS region (left) and the trnT–trnF region (right). Arrows
indicate branches that collapsed when the IUPAC characters were

included for the allotetraploid ITS sequences in the dataset. Triangles
indicate branches were not recovered in MP analyses. Plus symbols

indicate branches not recovered in MP analyses with indel coding.

Filled stars indicate branches not recovered in MP analyses without

indel coding. Filled diamonds indicate branches not recovered in the

BI analysis when indel characters were included. Posterior probabil-

ities are above the branches and bootstrap support values are below.

Supports with indels coded are on the left and those obtained without

indel coding are on the right
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by maximum PP support and 99% BS-IN and 100% BS-IC

support. A clade comprised of members of sect. Caulorrh-

izae (C genome), A. pintoi plus A. repens, diverged next (1.00

PP-IN and PP-IC; 95% BS-IN, 99% BS-IC). Exclusion of

section Caulorrhizae from the other Arachis received mod-

erate to low BS support (76% IN, 68% IC) but maximum PP

support. The next lineage (1.00 PP-IN and PP-IC, 85%

BS-IN, 93% BS-IC) comprises species placed by Krapo-

vickas and Gregory (1994) into sections Erectoides, Heter-

anthae, Procumbentes, and Trierectoides. We will refer to

this clade as group erectoides. Components of this clade split

into two subclades. One comprised a polytomy of A. guar-

anitica and A. tuberosa (sect. Trierectoides) plus A. major

559 (sect. Erectoides) (0.93 PP-IN, 0.90 PP-IC,\50% BS).

The other subclade of group erectoides (0.97 PP-IN, 0.96

PP-IC, 77% BS-IN, 79% BS-IC) was indicative of a

polytomy between A. paraguariensis (sect. Erectoides),

A. appressipila (sect. Procumbentes), and a clade of A. dar-

dani (sect. Heteranthae) ? A. rigonii (sect. Procumbentes)

(1.00 PP-IN and PP-IC, 87% BS-IN and BS-IC).

Fig. 2 Arachis phylogeny generated using Bayesian inference based

on ITS expanded dataset, indels coded as characters, and the

GTR ? C? I model. Phylogenies generated using MP were nearly

identical with the Bayesian tree in topology. Plus symbols indi-

cate branches not recovered in MP analyses with indel coding. Filled
stars indicate branches not recovered in MP analyses without indel

coding. Filled diamonds indicate branches not recovered in the BI

analysis when indel characters were included. Posterior probabilities

are above the branches and bootstrap support values are below.

Supports with indels coded are on the left and those obtained without

indel coding are on the right
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Following erectoides, the remaining species of the genus

formed two terminal clades, which we hereafter will refer

to as groups arachis I and arachis II (Fig. 1). The sister

relationship of these two groups received moderate BS

support (68% BS-IN, 71% BS-IC), but PP values were

significant, i.e., C 0.95 (0.97 PP-IN, 0.96 PP-IC). Group

arachis I was strongly supported (1.00 PP-IN and PP-IC,

98% BS-IN and BS-IC) and included sect. Arachis aneu-

ploid species, B and D genome species, and B genome

clones of the allotetraploids. The aneuploid species

A. praecox and A. palustris formed a fully supported

subclade sister to the other species, excluded by 86%

BS-IN, 87% BS-IC, 0.99 PP-IN and PP-IC. Among

the remaining arachis I species, the B genome species

A. ipaensis, A. magna, A. williamsii, A. valida, and the B

genome clones for the allotetraploid species appeared in a

polytomy in a weakly supported clade (0.97 PP-IN and

PP-IC, 65%BS-IN, 63% BS-IC). Another subclade showed

the D genome species A. glandulifera in a weakly sup-

ported sister relationship to a fully supported subclade that

included the B genome species A. cruziana and A. bati-

zocoi. The A genome species A. trinitensis and A. benensis

formed a polytomy with the two above described subclades

of arachis I. The second terminal clade, arachis II, com-

prised the remaining A genome species of sect. Arachis,

although BS support was low and PP values were not

significant (0.65 PP-IN and 0.86 PP-IC, 66% BS-IN and

67% BS-IC). At the base of the clade (Fig. 1), A. diogoi

and A. hoehnei (sect. Arachis) and A. major 10588 (sect.

Erectoides) appeared in a polytomy sister to a subclade

(0.92 PP-IN, \50% BS) that included sect. Arachis ‘‘A’’

genome species. This clade included the A genome clones

for the allotetraploids, A. hypogaea and A. monticola along

with putative A genome donor A. duranensis.

The alignment of the expanded dataset was 619 char-

acters in length not including indels. Among these char-

acters, 171 (27.6%) are variable and 117 (68.4%) are PI.

Two additional indels were identified in the ingroup taxa in

the extended dataset. When indels were included, the

number of variable characters increased to 204 (31.3%) and

the PI characters to 133 (65.2%). The MP analysis without

indel coding identified 15 trees of 238 steps. The CI and RI

for this analysis were 0.861 and 0.929, respectively. When

indels were scored as characters, the MP analyses resulted

in 58 most parsimonious trees of 277 steps, and CI and RI

values of 0.859 and 0.925, respectively. The overall

topologies of the consensus trees were the same with and

without the inclusion of indels, differing in a slight increase

in resolution within the arachis II clade when indels were

included and in arachis I when indels were excluded

(Fig. 2). The monophyly of the genus received maximum

support in all analyses. Members of sect. Extranervosae

(A. burchellii, A. macedoi, A. lutescens, and A. villosulicarpa)

formed a clade with maximum PP and BS support that

appeared sister to remaining sections, excluded by 1.00

PP-IN, 0.99 PP-IC, 79% BS-IN and 60% BS-IC. The next

diverging lineage was the monotypic sect. Triseminatae,

excluded from the remaining species by 99% BS-IN and

BS-IC support and maximum PP. Section Caulorrhizae

(93% BS-IN, 99% BS-IC, maximum PP) diverged next,

followed by A. burkartii, the only known diploid species

from sect. Rhizomatosae (Fig. 2). Support for the exclusion

of A. burkartii from the two remaining lineages was low.

The remaining clades, erectoides and arachis I plus arachis

II appeared next. Topology of these latter clades was

congruent with that obtained with the ITS dataset.

trnT–trnF based phylogeny

The complete sequences of the trnT–trnF region varied in

length from 1,789 to 1,960 bp. Seventeen indels of

1–22 bp were required for the alignment of all the species

including the outgroup taxa, resulting in a total alignment

of 2,052 characters. Excluded were 117 characters that

included the 50 trnL, 23 characters from the adjacent trnT–L

spacer, 34 from the trnL intron, and three small homo-

polymeric repeats and one tandem repeat region because of

a large number of missing data and alignment/coding

ambiguities. Of the remaining 1,935 characters, 202

(10.4%) were variable, of which 114 (56.4%) were parsi-

mony informative. The inclusion of indels in the phylo-

genetic analyses increased the number of total characters to

1995, the number of variable characters to 261 (13.1%),

and the PI characters to 152 (58.2%).

MP analysis resulted in 31 most parsimonious trees of

241 steps from the non-indel coded dataset and 391 trees of

336 steps from the indel coded dataset. The CI values were

0.892 without indels and 0.815 with indels, and the RI

values were 0.912 with and 0.854 without indels. The

consensus trees constructed from these 31 trees were

identical in topology with that derived from the 336 trees,

differing in BS support (Fig. 1). The Bayesian analyses

with and without indels resulted in phylogenetic trees that

are completely congruent in topology with each other and

with the MP consensus trees, but differed in degrees of

support for the nodes. Consequently, the tree obtained from

the Bayesian analysis with PP and BS support will be

presented.

As in the ITS analyses, the monophyly of the genus

received full PP and BS support in the trees based on the

trnT–trnF data. A basal clade emerged comprising Tri-

seminatae sister to Extranervosae plus Caulorrhizae;

however, support for this clade and its internal structure

was low (Fig. 1). This basal clade was sister to a strongly

supported terminal clade that included arachis I and arachis

II plus erectoides; support for the sister group relationship
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of arachis II and erectoides was not significant. The

aneuploid species did not appear monophyletic (Fig. 1).

The arachis I species fell into two moderately supported

major subclades.

The arachis II clade received high BS support (98% BS-

IN, 99% BS-IC) and maximum PP support. New subclades

emerged with the trnT–trnF data, for example the A-genome

species A. diogoi, A. hoehnei, and A. correntina (1.00 PP-IN,

0.83 PP-IC, 64% BS-IN, \50% BS-IC) and a subclade

comprising A. kempff-mercadoi, A. helodes, and A. herzogii

(0.66 PP-IN,\50% BS-IN and BS-IC). Remaining arachis II

species formed a polytomy with these subclades (Fig. 1).

Combined ITS and trnT–trnF analysis

Analyses of the combined ITS and trnT–trnF sequences

resulted in a total alignment of 2,547 characters, of which

355 (13.9%) were variable and 211 (59.4%) parsimony

informative. With the inclusion of indels, the total number

of characters increased to 2,628; of these, the number of

variable characters was 435 (16.6%) and the PI characters

were 260 (60.0%). MP analysis of the combined dataset

without indels recovered 167 best trees of 446 steps,

whereas with inclusion of the indels in the coded dataset

540 best trees of 568 steps were obtained. The CI and RI

were relatively high, but decreased slightly with inclusion

of the indels (Table 2). Strict consensus trees constructed

from both of these MP analyses were identical in topology

with each other and with the BI tree (trees not shown).

The monophyly of the genus Arachis was fully sup-

ported. The backbone topology of the tree based on the

combined dataset was identical with that obtained with the

extended ITS dataset, differing in resolution within groups

arachis I and erectoides (Fig. 1). The structure of the

erectoides clade was similar to that resolved with the trnT–

trnF data whereas the relationships within groups arachis I

and arachis II were similar to those in the ITS-based tree.

Support was strong to maximum for the monophyly of

these three terminal clades.

Discussion

Molecular evolution

Generally, it is believed that the ITS region concerts towards

one of the parental progenitors in hybrids and allopolyploids

because it undergoes rapid homogenization (Álverez and

Wendel 2003; Soltis et al. 2008). Considering the signal in

the pherograms obtained from the direct genomic sequenc-

ing of the allotetraploid species A. hypogaea and A. monti-

cola, the A genome ITS allele seemed to be the more

dominant in positions where double peaks representing the

two alleles were found. This may be explained by the pres-

ence of the A allele clones at much higher frequency than the

B allele clones (71.4 vs. 14.3% for A. hypogaea and 42.9 vs.

14.3% for A. monticola), implying that the ongoing process

of concerted evolution favors the A allele over the B allele.

Although the occurrence of multiple alleles has been fre-

quently documented (Kovarik et al. 2004; Soltis et al. 2008;

Vander Stappen et al. 1998), their detection can sometimes

go unnoticed, because the region contains few polymorphic

sites indicative of each genome (Soltis et al. 2008), or a low

signal for one of them, as shown in this study. This study has

also shown the presence of chimeric alleles in six of the 14

(42.8%) A. monticola clones and in two of the 14 A. hypo-

gaea clones (14%), implying the occurrence of infra-allelic

recombination events in the ITS of both tetraploid genomes.

The presence of chimeric alleles was confirmed in our TCS

analysis of the ITS1 and ITS2 alleles from diploid species in

sect. Arachis and the cloned alleles from the tetraploid spe-

cies (Supplementary Fig. 1). These chimeric alleles were

closely linked with the respective ITS regions of their

parental alleles, as demonstrated by the TCS haplotype

network (Supplementary Fig. 1). The evolutionary dynam-

ics in the Arachis ITS region as illustrated by the chimeric

ITS may represent a fluid state that will subsequently

undergo fixation by concerted evolution towards one of the

ancestral genotypes.

Without cloning, nucleotide sites showing multiple peaks

in the direct genomic sequences of taxa with a multiallelic

ITS region are usually assigned IUPAC ambiguity codes.

Soltis et al. (2008) have demonstrated that phylogenetic

reconstruction will be negatively affected when IUPAC

ambiguity codes are used as molecular characters. This point

received further support from our study. Inclusion of the nine

IUPAC coded characters for the allotetraploid species in a

dataset that has a total of 153 variable characters and 97 PI

characters resulted in substantial collapse of nodes in the

clades containing the tetraploids (arachis I and arachis II

clades; see arrows denoting collapsed nodes in Fig. 1).

However, when cloned sequences representing the A and B

alleles were used alone to represent the tetraploid species in

the MP analysis, resolution improved substantially and the

clones grouped with the sequences of the respective putative

diploid progenitors (Fig. 1). The collapse of nodes illustrates

the effect of using ambiguous sequence characters caused by

unrecognized multiple copies in the genome, and stresses

how carefully ITS data should be treated in general. When

ambiguous sites are detected, cloning of this region is highly

recommended.

Phylogeny of Arachis

The Arachis phylogenetic trees based on analyses of par-

titioned ITS and trnT–trnF sequence data produced two
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alternative topologies (Fig. 1). The major differences

resided in the backbone of the trees, namely the identity of

the first emerging lineages and the position of the Erecto-

ides group. With the ITS data, A. macedoi (sect. Extra-

nervosae) diverged first followed by A. triseminata and

then sect. Caulorrhizae (A. pintoi and A. repens; Fig. 1). In

the trnT–trnF tree, the same three lineages appeared at the

base in a single clade, although support was low, rendering

the basal topology here rather ambiguous. Regarding the

placement of erectoides, its sister group relationship with

arachis II with the trnT–trnF region received\50% BS and

non-significant PP support. This topological difference is

attributed to soft incongruence. The phylogenetic tree

based on combined datasets resulted in full resolution for

all major clades, including the basal ones, and strong to

moderate support for other clades (tree not shown). Anal-

yses of the extended ITS dataset recovered phylogenies

that were topologically congruent with those obtained with

the combined dataset (Fig. 2). Therefore, for the discussion

of the phylogenetic relationship and subsequent systematic

implication, we will use the tree based on the extended ITS

dataset. However, species relationships will be discussed in

the light of their placement based on the maternally

inherited trnT–trnF and bipaternally inherited ITS regions.

Basal grade

The tree based on the extended ITS dataset resolved spe-

cies of sect. Extranervosae (A. burchellii, A. lutescens, A.

macedoi, and A. villosulicarpa) at the base followed by a

grade of sect. Triseminatae and sect. Caulorrhizae (Fig. 2).

Gimenes et al. (2002b) showed A. burchelli and A. macedoi

in a cluster with 81% BS support in a UPGMA analysis of

RFLP data, providing support for the monophyly of sect.

Extranervosae. The phylogenetic position for sect. Extra-

nervosae is in disagreement with the phylogenetic notions

of Krapovickas and Gregory (1994). They indicated that

although sect. Extranervosae is a ‘‘presumably older sec-

tion’’, sect. Trierectoides is ‘‘probably the most primitive

[section] of the genus’’. They based their conclusion on the

assumption that sect. Trierectoides is ‘‘genetically very

isolated’’ from the remaining sections of the genus. In this

study, the two species of sect. Trierectoides were nested

deeper in the tree within the group erectoides (Fig. 2).

The position of the second diverging lineage, sect. Tri-

seminatae, was strongly supported in all analyses, includ-

ing the trnT–trnF tree where it appeared in a clade with two

other basal sections (Figs. 1, 2). Krapovickas and Gregory

(1994) considered this section to be one of the ‘‘older’’

sections in the genus because it is genetically isolated.

Their assessment was based on unsuccessful attempts to

generate hybrids in crosses between sect. Triseminatae and

species from other sections. The UPGMA analysis of

microsatellite markers resolved accessions of A. trisemi-

nata into a cluster distinct from the remaining species of

the genus (Hoshino et al. 2006). The affinity between

sections Triseminatae and Caulorrhizae has previously

been demonstrated by UPGMA analysis of RAPD and

RFLP data (Galgaro et al. 1998). The placement of the

third diverging lineage, sect. Caulorrhizae (A. pintoi and

A. repens) was evident in all analyses (Figs. 1, 2). The

monophyly of the section received support from studies

based on hybridization and pollen fertility, microsatellite

data, RFLP, and isozymes (Gimenes et al. 2002b; Gregory

and Gregory 1979; Hoshino et al. 2006; Palmieri et al.

2005). Species of this section are easily distinguishable, on

the basis of leaf shape and leaflet size (Gimenes et al.

2002b; Krapovickas and Gregory 1994), from other species

of the genus.

Erectoides

Group erectoides has not been previously recovered as such

(Figs. 1, 2). This is a heterogeneous lineage containing

representatives of sections Erectoides, Heteranthae, Pro-

cumbentes, Rhizomatosae, and Trierectoides, although

none of the sections appeared monophyletic. UPGMA

analysis of AFLP data (Gimenes et al. 2002b) recovered a

similar group composed of species from sections Erecto-

ides, Procumbentes, Heteranthae, and the tetraploid A.

glabrata of sect. Rhizomatosae. Using microsatellite data,

Hoshino et al. (2006) obtained a cluster of species from

sections Erectoides and Procumbentes only. The emer-

gence of erectoides in this study can be explained in a

historic perspective. Section Trierectoides was previously

treated as part of sect. Erectoides, but was later segregated

out, on the basis of the presence of three leaflets instead of

the four leaflets found in all other sections (Krapovickas

and Gregory 1994). Species currently recognized as sect.

Procumbentes were also historically included in sect.

Erectoides, but were removed by Krapovickas and Gregory

(1994) on the basis of decumbent habit and the develop-

ment of flowers along the branches. Therefore, except for

sect. Heteranthae, it is not surprising to see the conver-

gence of these taxa into one lineage with strong support.

Arachis I

Members of sect. Arachis appeared in one cluster in phe-

netic analyses (Gimenes et al. 2002b; Milla et al. 2005), or

a well-supported lineage in phylogenetic analyses (Tallury

et al. 2005). The phylogenetic structure of Arachis I is

comparable with that recovered by Tallury et al. (2005),

demonstrating the sistergroup relationship between the B

and D genome species (0.99 PP-IN, 1.00 PP-IC, 86% BS-IN,

87% BS-IC) with the aneuploids being sister to both. The

194 S. A. Friend et al.

123



phylogenetic placement of the aneuploids, which received

maximum to strong support, has not been previously

resolved (Figs. 1, 2).

B genome

Species of sect. Arachis with the B genome formed two

well supported subclades in arachis I based on trnT–trnF

and combined sequence data with high to maximum PP

support and good to high BS support (Fig. 1). However,

these two clades did not emerge in the analyses of the ITS

datasets (Figs. 1, 2). This difference in structure may

reflect the pattern of inheritance of these two genomic

regions. The B genome is identified by the lack of the small

‘‘A’’ chromosome characteristic of the A genome (Fern-

ández and Krapovickas 1994; Krapovickas and Gregory

1994). The emergence of A. ipaensis and A. batizocoi with

A. cruziana in one subclade based on combined data

analyses was unexpected. Arachis ipaensis has previously

been regarded as more closely related to A. magna than to

either A. batizocoi or A. cruziana on the basis of data from

crossability (Burow et al. 2009), RAPD and RFLP

(Gimenes et al. 2002a), AFLP (Milla et al. 2005), the

sequence of nuclear hypervariable regions (Moretzsohn

et al. 2004), and microsatellite markers (Bravo et al. 2006).

The grouping of A. batizocoi and A. cruziana in this study

(Figs. 1, 2) received support from studies based on AFLP

(Milla et al. 2005), RFLP and cytogenetic data (Burow

et al. 2009), and plastid sequence data (Tallury et al. 2005).

Placement of A. ipaensis with A. cruziana and A. batizocoi

was also demonstrated previously in the ML network based

on trnT–trnF sequence data, although BS support was

weak (Tallury et al. 2005).

D genome

Only A. glandulifera has been designated to have the D

genome (Stalker 1991). The placement of this species in

arachis I received mostly strong support in analyses of

partitioned and combined datasets (Figs. 1, 2). However,

its position within the clade differed, depending on the

genomic region used. The ITS data showed low support for

its placement as sister to A. batizocoi and A. cruziana,

whereas the trnT–trnF data included it in the subclade

containing A. magna, A. williamsii, A. benensis, A. trinit-

ensis, and A. valida with moderate BS and full PP support

(Fig. 1). Tallury et al. (2005) resolved a moderately

supported lineage that included A. glandulifera with

A. williamsii and A. benensis; they did not include

A. magna, A. valida, and A. trinitensis in their study.

Therefore, although a common ancestry between the B and

D genome species is evident, the exact relationship

between them remains unclear.

Section Arachis aneuploids

The original placement of the three aneuploid species

A. decora, A. praecox, and A. palustris (2n = 2x = 18) in

sect. Arachis was based on morphology and geographical

distribution (Krapovickas and Gregory 1994). Only a few

studies focusing on sect. Arachis have included these

aneuploid species (Bravo et al. 2006; Creste et al. 2005;

Gimenes et al. 2007; Milla et al. 2005; Tallury et al. 2005).

Microsatellite data placed accessions of these species

together in a cluster with the A genome species A. diogoi,

A. kuhlmannii, and A. simpsonii (Bravo et al., 2006). In

AFLP based dendrograms, the aneuploids formed a sepa-

rate cluster (Milla et al. 2005; Tallury et al. 2005). How-

ever, in the trnT–trnF study of Tallury et al. (2005), and in

this study, the aneuploid species appeared sister to the B

and D genome clade and were excluded from the A gen-

ome species with strong BS and PP support, implying

higher genetic affinities to the B and D genomes than the A

genome (Figs. 1, 2). The phylogenetic placement of the

aneuploids points to chromosomal evolution following the

split of arachis I and arachis II from a common ancestor

(Figs. 1, 2). This event resulted in two sister lineages

representing the aneuploids (2n = 18) and the mostly B

genome species that maintained the common chromosome

complement of 2n = 20. This interpretation is more par-

simonious than loss of a pair of chromosomes in the an-

euploids and their being restored in the mostly B genome

lineage.

Arachis II

This group contains all A genome species of sect. Arachis

plus A. major 10588 (sect. Erectoides) (Figs. 1, 2). Lack of

resolution is evident in the arachis II clade in this study and

in previous studies (Gimenes et al. 2002b; Tallury et al.

2005). The low resolution and support among members of

arachis II may imply recent origin or low rate of substi-

tution. The placement of an accession of A. major (sect.

Erectoides) within arachis II was not unexpected. Krapo-

vickas and Gregory (1994) had noted that crosses among

A. major accessions from the farthest points of its distri-

bution did not produce fertile hybrids. Thus, they suggested

that although the accessions seem to be morphologically

similar, it was possible that they belong to different bio-

logical species. Therefore, A. major is in need of a detailed

study at the population level to determine species bound-

aries and its phylogenetic placement in the genus.

Origin of the allotetraploids in sect. Arachis

The different inheritance of the ITS and trnT–trnF regions

provided insight into the evolutionary history of the
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allotetraploids A. hypogaea and A. monticola. The trnT–

trnF analysis confirmed the maternal origin of the A gen-

ome, because the allotetraploids appeared as part of the A

genome lineage but in a polytomy (Figs. 1, 2). The ITS

clones further substantiated the results of the trnT–trnF

data and provided evidence for the paternal origin of the B

genome (Figs. 1, 2) as previously noted by Kochert et al.

(1991), Jung et al. (2003), and Seijo et al. (2004). Although

the presence of polytomies prevented us from pinpointing

the exact species donors, the putative donor species,

A. duranensis and A. ipaensis, were recovered in those

polytomies (Figs. 1, 2). Therefore, better resolution and

support using more genomic regions with higher substitu-

tion is needed before molecular phylogenetics can provide

support for the ancestry of the allotetraploid, A. hypogaea.

Systematic implication

The monograph of Krapovickas and Gregory (1994) for the

genus Arachis is the only comprehensive systematic

treatment. In their intuitive treatment, they recognized nine

sections based on morphological features of the leaf,

hypocotyl, fruit, flower, and branching habit. The size of

these sections varied from being monotypic, for example

sect. Triseminatae, to very large, for example sect. Arachis.

Krapovickas and Gregory (1994) also provided information

on geographic distribution and ploidy levels for these

sections. Our study is the first molecular phylogenetic

treatment of the entire genus using both nuclear and plastid

genomic sequences. It is evident from the phylogenetic

trees based on partitioned and combined datasets that,

except for sect. Caulorrhizae, sect. Extranervosae, and the

monotypic sect. Triseminatae, none of the other sections

appears monophyletic (Figs. 1, 2). However, it is to be

noted that sect. Heteranthae was represented by one spe-

cies in this study.

Section Triseminatae is monotypic and it is character-

ized morphologically by the apomorphy of cotyledons with

veins deeply sunken on the upper surface (Krapovickas and

Gregory 1994). In an attempt to generate intersectional

hybrids, Gregory and Gregory (1979) did not succeed in

obtaining hybrids between A. triseminata and members of

other sections. Further, very few hybrids were obtained

when crosses were made among various accessions of

A. triseminata, indicating the presence of an intraspecific

barrier within this species. The two accessions of A. tri-

seminata (GK 12881 and GK 12922) used in this study

appeared in one clade with full PP and BS support (Figs. 1, 2),

validating the monophyly of the section.

Similarly, this study also confirmed the monophy-

letic nature of sect. Caulorrhizae with both A. pintoi and

A. repens appearing in one clade in all analyses with high

or full BS and PP support (Figs. 1, 2). Crosses between

A. repens and A. pintoi produced hybrids that had high

pollen stainability (86.8%; Gregory and Gregory 1979),

implying a very close genetic relationship. Similar con-

clusions have emerged from studies based on AFLP,

microsatellite, and RAPD data (Gimenes et al. 2002b;

Hoshino et al. 2006; Palmieri et al. 2005). Section Caul-

orrhizae is characterized by the procumbent branching

habit, standard of the petals with red lines on its upper face,

flowers and fruit that develop along the length of the

branch, and stems that form roots at the nodes (Krapovic-

kas and Gregory 1994). Its two species can be separated

morphologically on the basis of leaf shape and leaflet size

(Gimenes et al. 2002b; Krapovickas and Gregory 1994).

However, despite the differences in leaf morphology, the

trnT–trnF and ITS sequences were identical. Similarly,

protein profiles in the Bertozo and Valls (2001) study could

not discriminate between these two species.

Section Rhizomatosae (R1 and R2 genomes) as circum-

scribed by Krapovickas and Gregory (1994) comprises four

species that are well characterized by possession of rhi-

zomes. In this study, the section is represented by

A. glabrata (R2) and A. burkartii (R1) in the ITS extended

dataset (Fig. 2). The MP and BI analyses of the extended

ITS dataset did not support the monophyly of the section.

Arachis burkartii diverged after sect. Caulorrhizae (C

genome), whereas A. glabrata was nested deeply in the

erectoides clade (Fig. 2). Arachis burkartii is a diploid

while A. glabrata is an autotetraploid, similar to the other

two species in the section (Fernández and Krapovickas

1994; Peñaloza and Valls 2005). There is very little geo-

graphic overlap between the diploid A. burkartii and the

three tetraploid species of the section (Krapovickas and

Gregory 1994). Furthermore, A. burkartii differs morpho-

logically from the remaining species by the orange stan-

dard with red veins on both surfaces and coriaceous leaves.

It has been suggested, on the basis of cytogenetics, RAPD,

and microsatellite markers, that the diploid and tetraploid

species of sect. Rhizomatosae may not be closely related

(Gregory and Gregory 1979; Stalker and Moss 1987;

Angelici et al. 2008; Gimenes et al. 2002b; Nóbile et al.

2004). Although the tetraploid species placed by Krapo-

vickas and Gregory (1994) in this section were represented

in this study by only one accession of A. glabrata, it seems

that the diploid A. burkartii needs further evaluation and

should possibly be placed in a separate section. Conse-

quently, our results do not support the proposed origin of

the tetraploids of sect. Rhizomatosae from the diploid

A. burkartii, which is in agreement with the conclusions

reached by Nóbile et al. (2004).

Krapovickas and Gregory (1994) recognized sect.

Extranervosae on the basis of perennial habit, expanded

corolla, and orange standard with red veins on its lower

surface. Our study included four of the nine species placed
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in this section. It is evident from our extended ITS analyses

that the section is monophyletic (Fig. 2). Our results are

consistent with those of Gimenes et al. (2002b), who

placed A. macedoi and A. burchellii (the only two species

used of sect. Extranervosae) in one cluster with high BS

support, and with those of Galgaro et al. (1998) where five

of the species appeared in one cluster in their UPGMA

analyses of RAPD and RFLP data.

Because sect. Heteranthae (Am genome) is represented

in this study by one species only, A. dardani, its taxonomic

status cannot be rigorously assessed at this time. However,

A. dardani seems to have phylogenetic affinity with sections

Erectoides (E2), Procumbentes (E3), and Trierectoides (E1),

as is evident from the analyses of partitioned and combined

datasets (Figs. 1, 2). Gimenes et al. (2002b) showed A.

dardani and A. rigonii of sect. Procumbentes forming a

cluster in their AFLP based UPGMA phenogram, although

the sampling of that study was focused on sect. Arachis with

limited representation from other sections.

Most of the species representing sections Erectoides,

Trierectoides, and Procumbentes in our study were for-

merly placed in sect. Erectoides as series Tetrafoliolatae,

Trifoliolatae, and Procumbensae (Gregory et al. 1973).

However, Krapovickas and Gregory (1994) raised series

Procumbensae and Trifoliolatae to sectional level, whereas

series Tetrafoliolatae were maintained under sect. Erecto-

ides. Taxonomic treatment for these sections was based on

plant habit, leaflet number, flower color, and hypocotyl

characters (Krapovickas and Gregory 1994). Sections

Erectoides and Procumbentes contain 14 and nine species,

respectively, and are characterized by the tetrafoliate

leaves, cylindrical hypocotyl and standard with red lines on

the upper face. The two sections differ in their branching

habit (erect for sect. Erectoides vs. procumbent for sect.

Procumbentes) and flower position—the flowers are dis-

tributed along the branches in sect. Procumbentes and

found closer to the base (collar) in sect. Erectoides. Section

Trierectoides, encompassing A. guaranitica and A. tube-

rosa, is characterized by the trifoliate leaf and tuberiform

hypocotyl. Our study demonstrates the polyphyly of all

three sections and the potential of treating the whole

lineage as a new taxonomic unit (Figs. 1, 2).

In a study examining intersectional relationships using

crossability data, Gregory and Gregory (1979) produced

hybrids among species from these three sections; however,

most of these hybrids were highly or completely sterile, as

indicated by pollen stainability. Krapovickas and Gregory

(1994) used these cytogenetic results to support establish-

ment of the sections Erectoides, Procumbentes, and Trie-

rectoides. Hoshino et al. (2006) generated a dendrogram

based on microsatellite data that showed species of sect.

Erectoides and Procumbentes intermixed in a cluster sep-

arate from another cluster containing species of sect.

Trierectoides, implying a close genetic relationship

between sect. Erectoides and Procumbentes. Raina and

Mukai (1999) noted in their FISH study of ribosomal DNA

that species of sect. Erectoides and Procumbentes have the

same genome but belong to different sub-genomes as

identified by Gregory and Gregory (1979). These studies

lend support to the emergence of these sections in one clade

in this study.

Section Arachis is defined morphologically on the basis

of the vertical peg and lack of rhizomes (Krapovickas and

Gregory 1994). However, they did not further subdivide the

section into the currently recognized genome groups A, B,

and D. Studies using molecular markers have shown that

species with the A and B genomes segregate into two

distinct groups (Burow et al. 2009; Gimenes et al. 2002a;

Halward et al. 1991; Hilu and Stalker 1995; Tallury et al.

2005). The sole D genome species, A. glandulifera, was

shown to be more closely related to the B genome species

rather than to the A genome species (Tallury et al. 2005), a

relationship supported in this study (Figs. 1, 2). Tenta-

tively, we consider groups arachis I and arachis II as two

separate but closely related lineages of sect. Arachis, and,

as such, sect. Arachis is also in need of taxonomic revision.

Conclusions

Phylogenetic analyses of DNA sequence information from

the nuclear ITS and plastid trnT–trnF regions provided a

good picture of the early evolution in Arachis and resolved

new major lineages. However, the taxonomic structure of this

economically important genus remains to be clarified. The

results of this work support the sectional treatment of Caul-

orrhizae, Extranervosae, and Triseminatae as determined in

the monograph by Krapovickas and Gregory (1994). In

contrast, sections Erectoides, Procumbentes, and Trierecto-

ides do not seem to be monophyletic. Further phylogenetic

investigation with the use of additional genomic regions and

larger taxon sampling, with morphological and cytogenetic

information, will be needed to refine the taxonomy and pro-

vide a detailed phylogeny of species and genome evolution.
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Volckaert G (2002) Phylogenetic analysis of Stylosanthes
(Fabaceae) based on the internal transcribed spacer region

(ITS) of nuclear ribosomal DNA. Pl Syst Evol 234:27–51

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct

sequencing of fungal ribosomal RNA genes for phylogenetics.

In: Innis MA, Gelfand DH, Sninsky JJ, White TJ (eds) PCR

protocols: a guide to methods and applications. Academic Press,

San Diego, pp 315–322

Wojciechowski MF, Lavin M, Sanderson MJ (2004) A phylogeny of

legumes (Leguminosae) based on analysis of the plastid matK

gene resolves many well-supported subclades within the family.

Am J Bot 91:1846–1862

Species, genomes and section relationships in genus Arachis (Fabaceae) 199

123


	Species, genomes, and section relationships in the genus Arachis (Fabaceae): a molecular phylogeny
	Abstract
	Introduction
	Materials and methods
	Taxon sampling
	DNA extraction, amplification, cloning, and sequencing
	Sequence alignment and phylogenetic analysis

	Results
	ITS alleles and sequence statistics
	ITS-based phylogeny
	trnT--trnF based phylogeny
	Combined ITS and trnT--trnF analysis

	Discussion
	Molecular evolution
	Phylogeny of Arachis
	Basal grade
	Erectoides
	Arachis I
	B genome
	D genome
	Section Arachis aneuploids
	Arachis II
	Origin of the allotetraploids in sect. Arachis

	Systematic implication

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


