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ABSTRACT. Resolving phylogenies among closely related species remains a perplexing problem in plant systematics. All
too often cpDNA and nrDNA ITS are insufciently variable to provide desired resolution or support. In the present study,
we have adopted a RAPD-based approach to develop sequence-characterized regions, from the nuclear genome, with levels
of DNA sequence variation appropriate for resolving relationships within subclades of Leucaena (Fabaceae). RAPDs were
used to amplify a set of seven Leucaena accessions. Equal length fragments amplied in two or more species were sequenced
and compared. Specic primers were designed for aligned product sets displaying similar or greater levels of variation than
have been found in previous ITS studies. Two regions whose DNA sequences provided greater resolution and bootstrap
support than ITS or cpDNA RFLP restriction site data sets for the same sample of Leucaena species are discussed in detail.

DNA sequence data have played a central role in
phylogeny reconstruction of plant taxa for more than
15 years. Characters for DNA-based analyses have
been extracted from all three plant genomes, and these
data have helped to resolve angiosperm phylogenies
across higher taxa, among genera, and to a certain degree, at lower taxonomic levels (reviewed by Soltis and
Soltis 1998). By far the most commonly used DNA sequences include those from the chloroplast genome
(cpDNA) and multicopy nuclear-encoded ribosomal
DNA (nrDNA: e.g., Taberlet et al. 1991; Olmstead et al.
1993; Gielly and Taberlet 1994; Olmstead and Palmer
1994; Baldwin et al. 1995; Kallersjo et al. 1998; Soltis
and Soltis 1998; Hershkovitz et al. 1999; Soltis et al.
2000). Such data have been extensively applied to phylogenetic questions because of their relatively wellcharacterized nature, ease of amplication as a result
of both conserved primer sites and high copy number,
and diverse levels of variation found within sub-regions of each of these classes of DNA. While nrDNA
and cpDNA sequences routinely provide sufcient
characters to resolve higher level and generic relationships, low variation and resolution have been common
problems encountered when attempting to resolve relationships among closely related plant species and
even among morphologically diverse species representing large genera (e.g., Soltis and Soltis 1998; Richardson et al. 2001; Sang 2002). This lack of resolution
has hindered studies of infrageneric classication, hybridization and polyploidy, character evolution, biogeography, and origins of domestication (e.g., Emshwiller and Doyle 1998; Wojciechowski et al. 1999;
Richardson et al. 2001; Hughes et al. 2002; Mitchell and
Heenan 2002).
Furthermore, cpDNA and nrDNA are of reduced

utility when reconstructing relationships among potentially reticulating species. Although a number of
angiosperms can transmit paternal plastids, the more
common uniparental maternal inheritance of the chloroplast genome reduces its utility for hypothesizing
hybrid origins or testing specic hypotheses of hybridization when used as a sole source of data. Similarly,
nrDNA multicopy sequences that have undergone
complete concerted evolution do not maintain direct
evidence of biparental inheritance and therefore reticulation (e.g., Baldwin 1992; Baldwin et al. 1995; Wendel
et al. 1995). Conversely, a lack of concerted evolution
between multicopy nrDNA repeats can create serious
paralogy-related problems for phylogeny reconstruction (Doyle 1992; Baldwin et al. 1995; Álvarez and
Wendel 2003).
Several molecular strategies have been attempted to
resolve relationships among closely related species
where conventional cpDNA and nrDNA approaches
have failed, including increasing the amount of cpDNA
sequence data, attempting to use the potentially complex external transcribed spacer (e.g., Linder et al.
2000), or resorting to fragment length characters derived from RFLPs, AFLPs, or RAPDs (for reviews see:
Soltis and Soltis 1998; Wolfe and Liston 1998; Harris
1999). At the same time, increased interest in reconstructing phylogenies from multiple independent data
sources and disentangling divergent from reticulate
relationships (e.g., Wendel and Doyle 1998) has
prompted increasing use of nuclear encoded low-copy
number or specic members of multi-gene families to
resolve phylogenetic relationships (for general reviews
see Soltis and Soltis 1998; Doyle and Doyle 1999; Sang
2002). Frequently these experiments include the use of
intron sequences to identify regions with high variability anked by conserved priming sites in the exons
to generate universally ampliable loci. While some of
the loci examined have considerable potential within
specic plant groups (e.g., Mason et al. 1998; Em-
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shwiller and Doyle 1999; Sang and Zhang 1999; Evans
et al. 2000), none has shown promise as a low copy
number highly variable region across the angiosperms
(Sang 2002). The lack of universally applicable nuclearencoded regions, aside from nrDNA, is likely to be the
result of changes in gene copy number leading to potential paralogy-related problems, high rates of change
in the nuclear genome reducing the possibility of identifying universal primer sites, and frequent nuclear genome rearrangement (e.g., Rieseberg and Soltis 1988;
Lagercrantz 1998; Rieseberg and Buerkle 2002).
Thus, it has become clear that nuclear DNA sequences useful for resolving relationships among
closely related species generally need to be developed
specically for a group of interest. In fact, this has been
the primary purpose of many of the studies that have
also discussed the potential broad utility of particular
low copy number nuclear genes (e.g., Mathews et al.
1995; Denton et al. 1996; Doyle et al. 1996; Galloway
et al. 1998; Mason et al. 1998; Small et al. 1998; Bailey
and Doyle 1999; Emshwiller and Doyle 1999; Cronn et
al. 2002).
In addition to the lack of universally applicable low
copy number nuclear genes, there are also questions
about the levels of variation that are likely to be found
between such sequences. The results of Cronn et al.
(2002) and the comparative data compiled from numerous studies by Álvarez and Wendel (2003) indicate
that levels of intron variation are extremely labile and
that nuclear-encoded introns may, more often than not,
be less variable on a site per site basis than the nrDNA
ITS region. The summary of data gathered by Álvarez
and Wendel (2003) suggests that only one (pistillata)
out of the 15 nuclear genes directly compared to
nrDNA ITS provided greater percent variation than the
ITS region, and this exception is potentially complicated by paralogy issues (J. Beck, pers. comm.; Bailey
et al. 2002). At the very least these results suggest that
screening of a range of possible low copy number nuclear genes will be necessary in order to identify ampliable regions with sufcient variation (Cronn et al.
2002).
In this study, we have used commercially available
RAPD primers to develop sequence characterized amplied regions (SCARs: Melotto et al. 1996) for Leucaena
Benth. with the purpose of building gene trees from
SCAR sequences. The strategy is a modication of the
AFLP-based method of McLenachan et al. (2000) for
characterizing and developing population level gelbased markers. RAPDs were selected over AFLPs because of their low cost, simplicity, and the availability
of a large number of commercially available primers.
While the use of RAPDs in phylogenetic analyses has
been questioned because of potentially co-migrating
non-homologous fragments (e.g., Rieseberg 1996; Adams and Rieseberg 1998; Harris 1999), this does not
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FIG . 1. An overview of the strategy used to develop highly
variable loci for phylogeny reconstruction among closely related Leucaena species.

represent a serious issue for the present study. RAPD
fragments were sequenced, aligned, and specic SCAR
primers designed for potentially useful regions (an
overview of the strategy is presented in Fig. 1). The
results for two SCAR-based sequence matrices are presented and compared to cpDNA RFLP and nrDNA ITS
variation for the same set of Leucaena species.
The examples presented here focus on resolving interspecic relationships within the genus Leucaena,
which comprises 24 species native to the New World
from Texas to northern South America (Hughes 1998)
including ve polyploids as well as two named and
numerous putative hybrids. There is considerable evidence to suggest that hybridization and polyploidy,
some of which has been precipitated by cultivation and
incipient domestication, have played a major role in
Leucaena evolution (Brewbaker and Sorensson 1990;
Harris et al. 1994a; 1994b; Hughes and Harris 1994;
Sorensson and Brewbaker 1994; Harris 1995; Hawkins
and Harris 1998; Hughes 1998; Hughes and Harris
1998; Hughes et al. 2002). Leucaena phylogeny has been
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investigated using data from morphology, RAPD,
cpDNA RFLP, and nrDNA ITS sequences (e.g., Harris
et al. 1994b; Hughes 1998; Hughes et al. 2002). While
results from these studies strongly support the monophyly of Leucaena and the recognition of three clades
within the genus, here referred to as the L. lanceolata,
L. esculenta, and L. pulverulenta groups, relatively little
or no resolution has been established within these
clades. This lack of resolution has hindered our understanding of species relationships that bear heavily
on the origins of the cultivated species, allopolyploids,
and putative hybrids. Prior to embarking on the SCARbased studies, variation was assessed from a number
of non-coding cpDNA sequences and low copy number nuclear gene introns for a subset of Leucaena species. Potential problems were encountered for each of
these (see below), prompting us to investigate the
RAPD and SCAR based strategy for identifying potentially useful loci that we report here.
MATERIAL

AND

METHODS

An outline of the general approach described in detail below is
presented in Fig. 1.
DNA Extraction. DNAs were extracted from fresh leaves of
seed grown plants, herbarium specimens, or silica-gel-dried samples of eld-collected leaf material (Table 1). DNA isolation followed a modied reduced volume CTAB technique (Doyle and
Doyle 1987) and some samples were further puried using caesium chloride gradients (Maniatis et al. 1982). DNAs were resuspended in TE or water and stored at2208C.
RAPD Amplication and Screening. A total of 53 RAPD primers (Operon Technology Inc.; B1–4,10; D-1,3–7,9–19; E 1, 3–11, 13–
19; H 1–14) were screened using a single primer per reaction. The
taxa sampled included accessions from each of the three previously characterized clades of Leucaena (Harris et al. 1994b; Hughes
et al. 2002; Hughes et al. 2003) with one accession of each of the
following species: L. confertiora S. Zárate (Hughes 1653), L. cuspidata (Hughes 1583), L. esculenta (Hughes 894), L. lanceolata (Hughes
872), L. macrophylla (Hughes 1179), L. pulverulenta (Hughes 1058), and
L. pueblana (Hughes 1648). Of the 53 original primers, 26 produced
clear banding patterns with fragment classes shared between species. These were rerun in higher volume reactions for DNA recovery (below). An additional 16 reactions, each using a higher annealing and two RAPD primers simultaneously (D-13/A-10, B-10/
D-05, A-10/D-05, D-13/D-055, B-01/B-03, B-04/B-08, B-08/B-10,
E-06/B-10, E-06/B-08, E-04/B-04, E-01/E-03, E-04/E-06, E-06/E01, E-04/E-01, E-01/E-15, E-15/E-16), were run to assess whether
single or multiple RAPD primer reactions were likely to be more
efcient for amplifying shared homologous fragment classes between ca. 500–2000 bp.
RAPD polymerase chain reactions (PCR) included ca. 1.5 units
Taq (Qiagen, Crawley, West Sussex, UK), 165 mM of each dNTP,
13 PCR buffer, 13 Q solution, and 1.0 mM of a single primer or
0.5 mM of each primer in the double primer reactions per 25 ml of
PCR mix. RAPD amplications began with a three minute 948C
denaturation step, followed by 45 cycles of: 1) 15 sec. at 948C; 2)
30 sec. annealing at 358C for single primer reactions and 388C for
double primer reactions, and 3) a 1 min. 30 sec. 728C extension.
Following the cycling reactions each received a nal 7 min. 728C
extension. Products were screened on 1.75% agarose gels to resolve fragments ranging from 500 to 2000 bp. Fragments of equal
size generated using the same primer or primer combination in
two or more species were cut from the gel and the DNA recovered
using a Qiagen Gel Purication Kit. Recovered products were
cloned using the Promega pGEM system (Promega, Madison, Wisconsin, USA) and sequenced using Big Dye V3 (Applied Biosys-
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TABLE 1. Taxon sampling, voucher information, and GenBank
accession numbers. Herbarium vouchers are all deposited in FHO,
with duplicates variously at CAS, EAP, K, MEXU, NY, US and MO.
a Collector of seed material, no herbarium voucher. * L. multicapitula accession for ITS is Hughes 1025 81/87 AF 418037.
Desmanthus fruticosus Rose—Hughes 1532, seedlot 109/92;
nrDNA ITS AF418018, A9 N.A., 23L N.A.
Leucaena collinsii Britton & Rose subsp. collinsii—Hughes 527,
seedlot 52/88; nrDNA ITS AF418020, A9 AY274286, 23L
AY274272.
Leucaena collinsii Britton & Rose subsp. zacapana C.E.
Hughes—Hughes 1096, seedlot 57/88; nrDNA ITS AF418023,
A9 AY274287, 23L AY274273.
Leucaena cuspidata Standley—Hughes 1583, seedlot 89/92;
nrDNA ITS AF418024, A9 AY274285, 23L AY274271.
Leucaena esculenta (Sessé & Mociño ex. DC.) Benth.—Hughes
894, seedlot 47/87; nrDNA ITS AF418096, A9 AY274288, 23L
AY274274.
Leucaena greggii S. Watson—Hughes 1057, seedlot 82/87;
nrDNA ITS AF418066, A9 AY274289, 23L AY274275.
Leucaena lanceolata S. Watson var. sousae (S. Zárate) C.E.
Hughes—Hughes 872, seedlot 50/87; nrDNA ITS AF418051,
A9 AY274290, 23L AY274276.
Leucaena lempirana C.E. Hughes—Hughes 1447, seedlot 5/91;
nrDNA ITS AF418032, A9 AY274291, 23L AY274277.
Leucaena macrophylla Benth. subsp. macrophylla—Hughes 1179,
seedlot 55/88; nrDNA ITS AF418034, A9 AY274292, 23L
AY274278.
Leucaena matudae (S. Zárate) C.E. Hughes—Hughes 879, seedlot 49/87; nrDNA ITS AF418100, A9 AY274293, 23L AY274279.
*Leucaena multicapitula Schery—Hughes 1024, seedlot 86/87;
nrDNA ITS *AF418037, A9 AY274294, 23L AY274280.
Leucaena pueblana Britton & Rose—Hughes 1648, seedlot 125/
92; nrDNA ITS AF418099, A9 AY274295 & AY274296, 23L
AY274281.
Leucaena pulverulenta (Schltdl.) Benth.—Hughes 1593; nrDNA
ITS AF418062, A9 AY274297, 23L AY274282.
Leucaena retusa Benth.—XXX, seedlot Bendeck a 23/86; nrDNA ITS AF418065, A9 AY274298, 23L AY274283.
Leucaena salvadorensis Standley ex Britton & Rose—Hughes
1407, seedlot 7/91; nrDNA ITS AF418038, A9 AY274299, 23L
AY274284.

tems, Inc., Warrington, UK) in both directions with M13F and
M13R primers. Sequencing overlap was not necessarily achieved
for products over ca. 1000 bp.
Sequence Alignment. Sequence fragments were edited and
joined into contigs using Sequencher (Gene Codes, Ann Arbor,
Michigan, USA). Complete sequences were provisionally aligned
using ClustalX ver. 1.8 (Thompson et al. 1997) using the default
parameters and adjusted by eye in WinClada (Nixon 1999).
Primer Design and Further Analysis. Pairwise comparisons of
sequence variation were made following the sequencing of at least
two, but preferably three or more products from two or more species per primer or primer pair. Aligned product sets displaying
similar or greater levels of variation than identied in previous ITS
studies (Hughes et al. 2002; Hughes et al. 2003) were selected for
further consideration. For a subset of these, specic primers were
designed from putatively ‘‘conserved’’ sites at the ends of the sequences found in the initial screen of Leucaena species (59 and 39
have little relevance in this context, the primers simply referred to
as F and R, designated arbitrarily).
Sampling for the Comparative Matrices and Gene Trees
Developed. Taxonomic sampling for the study included all three
diploid species of both the L. pulverulenta and L. esculenta groups,
and seven of the 12 diploids from the larger L. lanceolata group.
The matrices also included L. cuspidata, bringing the total sampling
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to 14 of the 17 diploid species of Leucaena and both subspecies of
L. collinsii (Table 1). In addition, Desmanthus fruticosus was selected
as an outgroup based on previous studies (Luckow et al. 2000;
Hughes et al. 2002; Hughes et al. 2003).
The cpDNA and ITS matrices are subsets of previously published data sets (Harris et al. 1994b; Hughes et al. 2002). For each
matrix, characters that were not potentially informative with the
current subset taxon sampling were deactivated. The matrix and
gene tree comparisons presented here include data taken from the
same accessions with two exceptions (Table 1). In the cpDNA matrix, L. pulverulenta (Hughes 1593) was replaced by a composite
terminal representing three L. pulverulenta accessions (Bendeck 22/
86, Hughes 1051, and Hughes 1058), because the former was unavailable at the time of cpDNA analysis (Harris et al. 1994b). The
three L. pulverulenta accessions in the cpDNA composite terminal
all share identical RFLP proles, suggesting little or no cpDNA
RFLP variation within L. pulverulenta. The ITS matrix included L.
multicapitula (Hughes 1025) rather than L. multicapitula (Hughes
1024) due to difculties in amplifying and sequencing the latter
for ITS.
PCR with the Newly Developed Primers. PCR with the newly
developed primers contained ca. 1.5 units Taq, 100 mM of each
dNTP, 13 PCR buffer, in some cases 13 Q solution (see below),
and 0.5 mM of each primer per 25 ml of PCR mix. All amplications began with a three minute 948C denaturation step, followed
by 35 rounds of: 1) 30 sec. 948C denaturation; 2) 60 sec. annealing
(temperatures dependent on the primers developed); and 3) 60–90
sec. 728C extension. Products were cleaned using Qiagen Gel Extraction Kits for direct sequencing or cloning. Products were sequenced in both directions using the PCR primers and ‘Big Dye
V3’ termination chemistry (Applied Biosystems Inc, Warrington
UK). PCR band polymorphism or ‘dirty’ sequence traces for a few
templates identied the potential for heterogeneous copy types.
These products were cloned (pGEM; Promega Corporation, Madison, WI USA) using one half of the reaction volume described by
the manufacturer. Individual clone strains were screened for the
presence of an insert using the M13F and M13R primers prior to
selecting clones for sequencing.
Phylogenetic Analysis. All characters were scored as unordered and equally weighted. Parsimony-based analyses were conducted with NONA (Goloboff 2000) spawned from WinClada
(Nixon 1999) using 1000 random addition sequences, tree bisection
and reconnection (TBR), holding 100 trees per replication, and attempting to swap to completion (h/100; mult*1000; max*). Contiguous gaps were scored as characters using the ‘‘simple gap coding’’ method formalized by Simmons and Ochoterena (2000). Sequences are available in GenBank (see Table 1) and matrices are
deposited in TreeBASE (study accession number: S926; matrix accession numbers: M1529-M1532). Missing data in the A9, 23L, ITS,
and cpDNA matrices constituted 6.0%, 4.7%, 8.0%, and 6.5% of
the potentially informative characters respectively.

RESULTS
Twenty groups of fragments were cloned from the
42 sets of large volume RAPD reactions (26 from the
single primer reactions and 16 from the double primer
reactions). Seventeen of the 20 were successfully
cloned from at least two species in order to make direct comparisons of divergence. Twelve of the 17 sets
produced alignable sequences between species, while
the other ve showed no obvious sequence similarity
between species.
BLAST searches (Altschul et al. 1990) were performed on all products. Of the 22 product types (12
represented by two or more clones and 10 by single
clones for non-aligning fragment types), approximately half matched known plant nuclear encoded DNA.
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FIG . 2. Schematic of A9 primer positions and primers sequences for A9 and 23L. The thick line region identies the
F4/R4 region used in the A9 matrix.

Characterized gene matches included, glyceraldehyde
3-phosphate dehydrogenase, chalcone synthase, alcohol dehydrogenase, helicase, glycerophosphodiesterase, isocytrate dehydrogenase, and starch synthase. The
other products either had no matches or corresponded
to uncharacterized portions of plant nuclear DNA. No
matches longer than 22 bp were noted for non-plant
DNA and no matches were noted for known mitochondrial or chloroplast DNA sequences.
Pairwise comparisons of divergence were performed on the 12 sets of alignable sequences. Five of
the 12 regions showed little or no divergence between
species while the other seven had levels of divergence
similar to, or greater than that found with ITS (Hughes
et al. 2002). Primers were subsequently designed at the
ends of the seven alignments and two of these regions
(A9 and 23L) were pursued in detail. The two regions
pursued in detail were selected because of their ease
of amplication and sequencing with the newly designed specic primers. Further work with the remaining regions would require additional primer development and/or signicant cloning to reliably obtain data.
Region 23L. RAPD reactions with the primer combination OPE-03 and OPE-04 produced a size product
of ca. 1000 bp in L. pueblana and L. esculenta that did
not amplify in the other accessions. Sequences from
the recovered products were aligned and primers
23LF1 and 23LR1 designed (Fig. 2). Following optimization to a 558C annealing temperature with no Q
solution or other PCR additives, the 23LF/23LR primer combination readily amplied single products
across Leucaena. BLAST searches (Altschul et al. 1990)
were performed using the full length L. cuspidata sequence. No signicant matches resulted, although several 22 bp sections of Arabidopsis thaliana (L.) Heynh.,
Homo sapiens L., Mus musculus L., and Plasmodium falciparum DNA matched portions of the 23L fragment.
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FIG . 3. Single most parsimonious gene trees. Solid and open circles along branches represent unique and homoplastic
unambiguous character state transformations respectively. Values above branches are strict consensus bootstrap support values
and ‘‘ ’’ identify nodes that were not resolved in the strict consensus. a) 23L—one of four equally most parsimonious trees
*
(EMPT); L571; CI50.80; RI50.88. b) A9—one of six EMPT: L5132; CI50.75; RI50.88. c) cpDNA RFLP—one of 24 EMPT:
L563; CI50.58; RI50.69. d) ITS—one of six EMPT: L5100; CI50.70; RI50.81.

None of these minimal matches corresponded to a
characterized gene sequence.
Sequenced products in Leucaena ranged from 723–
798 bp long with GC contents ranging from 33.5–
35.0%. The resulting 824 bp alignment included 40 potentially informative substitutions and 13 gap characters. Amplication and sequencing of Desmanthus outgroups, using the same primers, generated sequences
ca. 630 bp long that could be completely aligned with
each other, but not with the Leucaena sequences.
Phylogenetic analysis of the 23L Leucaena matrix, using the L. cuspidata sequence as the outgroup, resulted
in four equally most parsimonious trees, one of which
is presented in Fig. 3a (L571; CI50.80; RI50.88). With
the exception of L. pulverulenta, which was unresolved
relative to the three main clades, resolution in the strict
consensus included all three of the previously dened
clades of Leucaena species (Harris et al. 1994b; Hughes
et al. 2002; Hughes et al. 2003). Each of the three main
clades had at least 97% bootstrap support and the
strict consensus contains more resolution and support
for nodes than the A9, ITS, or cpDNA trees despite the
matrix containing fewer potentially informative characters than either the ITS or A9 matrices (Table 2).
A9 Region. RAPD reactions with the OPA-09 prim-

er amplied a ca. 2000 bp fragment from L. esculenta
and L. pueblana that was not amplied in the other
accessions. Following cloning and sequencing of these
products in both directions, which did not result in
overlap due to the large size of the fragments, primers
F1 and R1 (Fig. 2) were generated from the ends of the
aligned sequences. PCR optimization to 598C annealing without PCR additives amplied single band
products in all Leucaena accessions except samples of
the L. lanceolata clade, which failed to amplify under a
variety of PCR conditions. Without sequence data from
the L. lanceolata group, the assessment of possible paralogy/orthology issues within Leucaena would have
been difcult. Therefore, additional primers were designed from the preliminary alignments of accessions
representing L. cuspidata, the L. esculenta clade, and the
L. pulverulenta clade. The new primers were designed
from within the larger alignment of A9 so that subsequent amplications included a portion of the full
length A9 region. Primer combination F4/R4 (Fig. 2)
optimized to a 558C annealing temperature and 1%
(w/v) Q solution produced single band amplications
from accessions representing all three clades and this
is the region used in the present analysis (Fig. 2). Leucaena esculenta was amplied and sequenced with both
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TABLE 2. Data comparison. 1 for cpDNA and ITS, the values in the lower portion of the cell were calculated without D. fruticosus.
calculations for the percentage of potentially informative sites in A9 excluded the autapomorphic L. cuspidata insertion from the total
number of bases (i.e., the aligned length was treated as 665 bp rather than 1229 bp).
2

Region

Length (bp)

Gap Chars

% potentially
informative
sites

cpDNA

NA

NA

NA

63;
58;
100;
1 78;
71;
132;
1

ITS

638

11

8.6

23L
A9

823
665
2 (1229)

13
11

6.4
13.2

Aver. char.
per branch

L; CI; RI

0.58;
0.63;
0.70;
0.79;
0.80;
0.75;

the A9-F1/R1 and A9-F4/R4 primer combinations. Sequences from the F4/R4 region of A9 were identical
irrespective of the set of primers used to amplify the
region. With the exception of L. pueblana, all sequences
of the diploid species presented here were obtained by
PCR and direct sequencing. Direct sequencing of L.
pueblana resulted in overlapping traces. Clones of L.
pueblana differed by two substitutions and a 6-bp indel
in a 15-bp homopolymer cytosine repeat. BLAST
searches (Altschul et al. 1990) were performed using
the full-length L. cuspidata sequence with no signicant
matches.
The F4/R4 sequences of A9 ranged from 560–635
bp in length in all taxa except L. cuspidata, which has
a 564 bp insertion not shared with any other taxa
(overall length 1147 bp). The L. cuspidata indel was also
noted in amplications using alternative primer combinations (F1/R1, F3/R1, and F4/R4). GC content was
46% in each accession except L. cuspidata, which has
40.6% GC (46% in the overlapping region and 35% in
the autapomorphic insertion). Attempts to amplify
Desmanthus outgroups using the primers developed
were unsuccessful.
The 1227 bp alignment (664 bp if the autapomorphic
insertion in L. cuspidata is excluded) included 78 potentially informative substitutions and 11 gap characters. One of the six most parsimonious trees for the A9
region analysis is presented in Fig. 3b (L5132;
CI50.75; RI50.88). Using L. cuspidata as the root, all
three Leucaena clades are resolved and supported in
the strict consensus. Considerable variation was found
both within and between clades of Leucaena species.
Furthermore, there were more nodes resolved and supported in the A9 strict consensus than in either the
cpDNA RFLP or ITS-based trees (Table 2).
cpDNA and nrDNA ITS Phylogenies. Both the
cpDNA and ITS analyses included a subset of terminals from previously published, more extensively sampled, matrices (Harris et al. 1994b; Hughes et al. 2002).
The cpDNA matrix was originally developed from 84
probe-enzyme combinations representing roughly 85%
of the chloroplast genome with 96 potentially informative sites identied. With the present sampling, the

0.69
0.73
0.81
0.88
0.88
0.88

Nodes
Nodes
resolved in resolved in the
single MP trees consensus

Consensus
nodes with
$50% support

1.9 6 2.3

9.6

5

4

2.8 6 3.6

8.3

5

5

2.6 6 2.7
4.4 6 5.9

9.75
11

8
8

8
8

potentially informative variation was reduced to 37
sites. For the ITS region, 55 characters were potentially
informative with the current sampling.
The strict consensus trees resulting from the analyses of these two data sets were entirely congruent with
the previous results. However, less resolution was recovered with respect to the three previously described
and well-supported clades of Leucaena species. Single
cpDNA and ITS gene trees are presented in Figs. 3c
and 3d for comparison of phylogenetic utility relative
to the 23L and A9 regions. Comparative data generated for all four data sets and resulting trees are presented in Table 2.
Data Set Congruence. All three major clades of Leucaena species, or major components of all three clades,
are resolved and supported in the four strict consensus
trees. In the three instances where all three clades were
not fully resolved (the cpDNA [2 cases] and band 23L
[1 case] matrices), single individuals were unresolved
relative to their respective clade. Thus these were not
incongruent with the previous result (Hughes et al.
2002) and with the other data sets presented here. As
a result of this high level of congruence at supported
nodes between data sets and previous results, there
was no justication for incorporating controversial incongruence tests (e.g., Davis et al. 1998; Dolphin et al.
2000).
DISCUSSION
The A9 and 23L matrices resolved more nodes with
greater support than either cpDNA RFLP or ITS matrices. Furthermore, A9 provided greater percent variation than any of the other data sources. Although the
23L region contained slightly less percent variation
than ITS, the added length in 23L resulted in more
potentially informative characters and 23L resolved
more nodes with greater support than the other matrices. The exclusion of the outgroup terminals from
the ITS and cpDNA matrices facilitated a direct comparison of observed character conict as measured by
the ensemble consistency index and retention index
(Kluge and Farris 1969; Farris 1989). The ITS, 23L, and
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A9 all had similar levels of character conict, while the
cpDNA matrix had greater levels of conict (Table 2).
The available data suggest that 23L and A9 contain
more potentially informative characters and resulting
resolution in phylogenetic trees than either the cpDNA
RFLP or ITS matrices without increased character conict. Furthermore, our interest in identifying resolution
within clades of Leucaena species is borne out in the
current results. The A9 region includes many potentially informative characters with noteworthy variation
found among L. esculenta group sequences. In addition,
unpublished results with a total of 72 Leucaena accessions (primers F1/R4) continue to support both between and within clade resolution (Bailey unpubl.
data). Furthermore, the 23L matrix resolved more L.
lanceolata group nodes with greater support than have
been previously identied based on individual data
sets or the combination cpDNA, ITS, and morphology
(Hughes et al. 2002).
GC Content. The 33–35% GC content observed in
sequences of the 23L region are consistent with base
compositions for non-coding DNA (Initiative 2000). In
contrast, the 46% GC content observed in A9 is more
consistent with coding regions (Initiative 2000).
Single vs. Double Primer RAPD Amplications.
The three cloned fragment sets that showed no sequence similarity between species were all amplied
using the single primer approach. The proportion of
co-migrating unalignable and presumably non-homologous products is similar to those found in previous
studies (e.g., Williams et al. 1993; Rieseberg 1996; Adams and Rieseberg 1998). Although our sample size is
very small, it appears that equal length sequences
sharing little or no sequence similarity were more
commonly encountered when using a lower annealing
temperature with a single RAPD primer per reaction.
Thus, two or more RAPD primers in a single reaction
with higher annealing temperatures is likely to provide
a greater number of comparable fragments per RAPD
reaction than the single primer lower annealing approach.
Sampling Versus Southern Blotting for Assessing
Orthology. Broad taxonomic sampling and the development of multiple gene trees were used here as
key strategies to understanding gene copy number issues and the potential impact on inferred species trees.
While Southern blots are frequently used to estimate
gene copy number, there are several concerns regarding the precision expected from these analyses. Sang
(2002) noted that low specicity probes can result in
an overestimation of gene copy number. In addition,
Sang (2002) discussed difculties in screening for low
copy number genes via Southern blots because of the
large quantities of high quality DNA needed. Presumably the difculties of maximizing stringency and sensitivity simultaneously are what misled many studies
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of A. thaliana genes to hypothesize single copy number
loci that were subsequently discovered to be multicopy
when the A. thaliana genome sequence was completed
(e.g., Initiative 2000).
Comparison to Low Copy Number Nuclear
Sequences. Prior to embarking on the RAPD-based
study, attempts were also made to amplify and characterize several low copy number nuclear genes from
Leucaena. These included: 1) G3PDH (Strand et al.
1997); 2) glycerol-3-phosphate acyltransferase (GPAT:
Tank and Sang 2001) using primer sites developed
from the alignment of sequences from Arabidopsis, Carthamus, Cucurbita, Paeonia, and Spinacea (Bailey unpubl.
data); 3) Histone H3D (Doyle et al. 1996); 4) nitrate
reductase (Howarth and Baum 2002); and 5) pistillata
intron (Bailey et al. 1997). In each case, difculties in
amplication (pistillata and Histone) or obvious paralogy-related problems were encountered (G3PDH,
GPAT, and nitrate reductase). Paralogs were noted
through the amplication of multiple fragments in diploid accessions (GPAT and nitrate reductase), and/or
in the form of paralogous DNA sequences isolated
from the same diploid individual (G3PDH, GPAT and
nitrate reductase). Thus, considerable primer development (for pistillata and Histone H3) and/or characterization of paralogs (G3PDH, GPAT, and nitrate reductase) would have been necessary prior to inferring species trees from gene trees using any of these nuclear
genes in Leucaena (Bailey unpubl. data).
Undoubtedly the multitude of genomic sequence information becoming available will streamline the potential use of predetermined sequence types (e.g., low
copy number nuclear sequences) in phylogeny reconstruction. Nevertheless, the approach presented here
remains a viable option until sufcient applicable genomic sequence information is available for a group of
interest.
Comparison to cpDNA Sequences. In addition to
comparing the A9 and 23L data to the previous cpDNA RFLP matrix and phylogeny, non-coding cpDNA
sequence data were generated from 3–4 accessions representing each of the three Leucaena subclades. Evaluations of cpDNA variability were made for the: 1) trnL
intron, trnL 39 exon, and adjacent trnL-F spacer region
(Taberlet et al. 1991); 2) the trnK intron region (Johnson
and Soltis 1994); 3) the psbA—trnH region (Sang et al.
1997) and 4) the rpl16 region using primers (Jordan et
al. 1996) modied to match Medicago and Lotus sequences (Bailey unpubl. data). On average ca. 1% variable sites were identied (Bailey unpubl. data). If variable sites shared a 1:1 correlation with potentially informative sites, which they almost certainly underestimate (e.g., Cronn et al. 2002), ca. 8000 bp of
non-coding cpDNA sequence would be required to
build a matrix with the equivalent variation to A9.
These results are consistent with previous direct com-
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parisons of cpDNA sequence to ITS and some nuclearencoded regions (e.g., Small et al. 1998; Bailey et al.
2002; Cronn et al. 2002; Olsen 2002).
A SCAR-Based Strategy as a Source of nDNA
Sequences. The SCAR-based strategy presented here
is comparable to the use of any other DNA sequence
region in phylogeny reconstruction. However, the biparental inheritance patterns of nuclear loci make nuclear DNA a more powerful tool for reconstructing
phylogenies (e.g., Hare 2001). Several factors suggest
that A9 and 23L are both nuclear-encoded. First, several polyploid taxa and a few presumed heterozygous
diploids required cloning to obtain clean sequences
(Bailey unpubl. data). Second, BLAST searches using
both A9 and 23L did not match the published complete
angiosperm cpDNA or mtDNA sequences available in
GenBank. Third, L. mixtec, a know sterile hybrid was
recently cloned and sequenced for A9 and both parental types recovered (Bailey unpubl. data). Furthermore,
none of the additional 20 RAPD fragments screened
matched cpDNA or mtDNA regions. These results,
along with the probabilities based on the respective
size of the organellar genomes in comparison to the
nuclear, suggest that the majority of these randomly
amplied regions are nuclear encoded and therefore
biparentally inherited (a point also supported by Li
and Quiros 2001).
An additional benet of this RAPD-based system is
that no prior sequence information is necessary for potentially developing many orthologous loci in a group
of interest. Universal RAPD primers can be used for
the initial amplication and screening. Furthermore,
the random amplication of regions across plant genomes eliminates the restriction of working within
known genic regions (exons and introns), which are
likely to represent the less variable half of the nuclear
genome (e.g., in A. thaliana 53–57% of the DNA has
been classied as non-coding DNA: Initiative, 2000). In
addition, introns, which are generally more variable
than exons, may often be both too short (nuclear introns average 168 bp in A. thaliana: [Initiative 2000])
and/or lack sufcient variation to provide resolution
within and among closely related species. Future studies specically evaluating levels of variation found in
nuclear non-coding non-genic regions may provide important information on the levels of variation these
types of non-coding regions can provide in phylogenetic studies.
Disadvantages of the SCAR-Based Strategy. Along
with the potential strengths of the strategy discussed
above, several limitations need to be considered. Most
importantly, these include an increased potential for
DNA contamination-related problems, difculties amplifying more divergent taxa, and the lack of universally applicable primers. DNA contamination by endophytes (e.g., Liston and Alvarez-Buylla 1995; Ca-
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macho et al. 1997; Zhang et al. 1997) is a more serious
issue for a RAPD-based strategy than with sequencecharacterized nuclear genes, particularly relative to nuclear genes that are thought to be plant-specic. For
the 23L and A9 regions BLAST searches provided no
signicant matches to published sequences. As a result, we cannot be certain that the DNA amplied is
from Leucaena and not an endophyte (e.g., fungus or
algae) or other potential contaminants. Although these
contamination problems are an issue with any PCRbased method, they are perhaps more difcult to recognize with random DNA amplication (e.g., RAPD
and AFLP). However, the low probability of developing multiple loci that produce congruent phylogenies
for symbionts and parasites rather than the taxa of interest would presumably mitigate against this as a
general issue (Álvarez and Wendel 2003). Nonetheless,
these potential problems serve as a reminder of the
critical nature of developing phylogenies from multiple independent sources (e.g., Doyle 1992; Page and
Charleston 1997). For Leucaena, we have phylogenies
generated from previous sources of data that are undoubtedly from the taxa of interest (cpDNA RFLP data
generated from angiosperm-derived probes and ITS
data) as well as multiple phylogenies being developed
from SCARs. Futhermore, none of the 22 product types
cloned in the RAPD screening matched non-plant
DNA, suggesting that the RAPD fragments are from
the taxa of interest.
Our reason for generating SCAR sequence data was
to identify regions that provide as much, or more, variation as ITS for resolving relationships within previously characterized clades of Leucaena species. To accomplish this, RAPD fragments that amplied in a
subset, but not all, screened accessions, were sampled.
The use of this approach was based on the assumption
that more variable regions would be represented by
equal length fragments found in a subset of Leucaena.
Thus, it was also assumed that less variable regions
would be obtained from fragments that amplied an
equal length product across all screened accessions.
Although no direct comparison has been performed,
six regions were isolated and two of these were sufciently characterized to suggest that these were reasonable starting assumptions.
However, the limitation of this sampling strategy became evident when trying to amplify more divergent
ingroup taxa with A9 primers, as well as outgroup
taxa for both A9 and 23L. The lack of highly conserved
motifs in these sequences greatly reduced the potential
to amplify or align sequences from more divergent
taxa (although alignment among Leucaena accessions
was less problematic than with ITS). Similar difculties
were noted by Chase and colleagues (M. Chase, pers.
comm.) while using the sequence-related amplied
polymorphism strategy of Li and Quiros (2001) to ran-
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domly amplify nuclear open reading frames. For the
purpose of nding resolution within previously characterized clades, the sampling strategy and RAPD approach have worked. Nevertheless, had the objective
been to test Leucaena monophyly relative to Desmanthus, or other mimosoid legumes, the exercise would
have provided little information.
Finally, the SCAR-based data presented here are currently only of utility for interspecic Leucaena phylogeny reconstruction. They are of little or no use for studies of related groups of species or for broader scale
insights into the molecular evolution of the SCARs amplied. However, future sequencing studies in other
groups, particularly complete genome sequences of
model legume species, may reveal more information
about the regions used in this study. At that point,
these data may lend themselves toward more universal
utility in mimosoid legumes and provide information
on the evolution of these sequence types across a
broader range of taxa.
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