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Abstract
Elucidating the phylogenetic relationships of the legumes is essential for
understanding the evolutionary history of events that underlie the origin and
diversification of this family of ecologically and economically important flowering
plants. In the ten years since the Third International Legume Conference (1992),
the study of legume phylogeny using molecular data has advanced from a few
tentative inferences based on relatively few, small datasets into an era of large,
increasingly multiple gene analyses that provide greater resolution and confidence, as
well as a few surprises. Reconstructing the phylogeny of the Leguminosae and its
close relatives will further advance our knowledge of legume biology and facilitate
comparative studies of plant structure and development, plant-animal interactions,
plant-microbial symbiosis, and genome structure and dynamics.

Phylogenetic relationships of Leguminosae — what has been accomplished
since ILC-3?
The Leguminosae (Fabaceae), with approximately 720 genera and more than 18,000
species worldwide (Lewis et al., in press) is the third largest family of flowering plants
(Mabberley, 1997). Although greater in terms of the diversity of forms and number of
habitats in which they reside, the family is second only perhaps to Poaceae (the grasses)
in its agricultural and economic importance, and includes species used for foods, oils,
fibre, fuel, timber, medicinals, numerous chemicals, cultivated horticultural varieties,
and soil enrichment. Ecologically, the family is important in a diversity of ecosystems,
especially members of the subfamily Papilionoideae which are present and often
dominant, in nearly every vegetation type on Earth, from tropical rain forests to deserts
and alpine tundra, and play a vital role in global biogeochemistry; nearly all species
root-nodulate with symbiotic bacteria to fix atmospheric nitrogen (Sprent and McKey,
1994; Sprent, 2001). Given the paramount ecological and economic importance of
legumes, the evolution and systematics of the family are topics of long-standing interest
to a large community of academic, agricultural and government researchers
representing a broad spectrum of scientific disciplines.
The years since the Third International Legume Conference (ILC-3; Kew, 1992)
have been especially productive ones for all areas of legume biology, from
paleobotanical, anatomical, and phylogenetic studies, to studies dealing with crop
diversity and nitrogen biology. The set of volumes in the “Advances in Legume Systematics”
series published since the conference attest to this ongoing and ever increasing interest
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in legume systematics and comparative biology (Herendeen and Dilcher, 1992;
Ferguson and Tucker, 1994; Sprent and McKey, 1994; Crisp and Doyle, 1995; Pickersgill
and Lock, 1996; Herendeen and Bruneau, 2000). Furthermore, a cursory survey of the
primary literature (Current Contents, on-line version) on legume systematics,
phylogenetics, biogeography, and evolution (using search terms such as “phylogen#”
and “systematic#”) reveals a minimum of ten articles published per year since 1993, and
most in major journals (e.g., American Journal of Botany, Plant Systematics and Evolution,
Systematic Botany, International Journal of Plant Sciences, Molecular Phylogenetics and
Evolution, Biochemical Systematics and Ecology, Theoretical and Applied Genetics). Then, and
more so now, the contributions of molecular data have played a prominent role in this
progress, a role that is only likely to increase as we venture into the “post-genomics” era.
In a larger context, this increase parallels the unprecedented advancements we have
witnessed in the past ten years in our knowledge of the evolution and relationships of
all green plants, beginning with the publication of the 500 taxon analysis of rbcL
sequences by Chase et al. (1993), followed by several multi-gene analyses for most of the
major lineages of vascular plants (e.g., Bowe et al., 2000; Chaw et al., 2000; Nickrent et
al., 2000; Soltis et al., 2000; Pryer et al., 2001). From these studies came the surprising
result that Leguminosae had an unequivocal sister group relationship to Polygalaceae
and Surianaceae. This period also saw the first attempts at resolving higher-level
relationships within the family using cladistic analyses of morphological (Chappill,
1995) and molecular data (rbcL sequences, Käss and Wink, 1996; Doyle et al., 1997). At
the same time, numerous molecular studies were conducted on a diversity of genera
and groups within the family.
Rather than focusing primarily on the results of intensive analyses of one
molecular locus and their implications, this paper will attempt to highlight results
from the large number of phylogenetic studies published since the Third
International Legume Conference, especially those that have been published in the
last 2 to 3 years. Many of these studies are now at the point where they have begun
to explore additional, and some multiple, sources of molecular data for phylogenetic
inference at all taxonomic levels. While most of these studies are reporting results
from analyses of sequence data sets, the results from analyses of other kinds of
molecular data (i.e., DNA fragment analysis) will be included only where relevant to
the story. In this paper, discussion will be centred primarily on higher level
phylogenetic relationships. Then, I conclude by presenting preliminary estimates for
the ages of some of the major clades of legumes by reconstructing divergence times
from molecular sequence data, using methods that incorporate variation in the rates
of molecular evolution directly into phylogenetic inference procedures.
Despite a number of insights into higher level relationships of the family derived
from analysis of the rbcL gene (Doyle, 1995; Doyle et al., 1997), many issues in legume
phylogeny remain unresolved. This is particularly true for the relationships among
the larger clades. The need for more variable genes and non-coding sequences,
alone or in combination with morphological data, to gain resolution was evident. To
this end, many studies (including several in this volume) have explored a number of
other chloroplast genes, and more recently a few nuclear genes as well, for phylogeny
reconstruction within the family. Chloroplast sequences that are being used include
the matK gene and flanking trnK intron (e.g., Hu et al., 2000; Lavin et al., 2000; Miller
and Bayer, 2001), trnL intron and adjacent intergenic spacers (e.g., Bruneau et al.,
2000, 2001; Ireland et al., 2000; Luckow et al., 2000; Brouat et al., 2001), rpoC1/rpoC2
genes (Liston and Wheeler, 1994) and rpoC1 intron (Downie et al., 1998), atpB-rbcL
intergenic spacer (Hurr et al., 1999; Doi et al., 2002), psbA-trnH intergenic spacer
(Chandler et al., 2001), ndhF and rpl16 genes (Schnabel and Wendel, 1998; Davis et
al., 2002), and psaA genes (M. Wojciechowski and M. Sanderson, University of
California, Davis, unpublished data). While most phylogenetic studies that have used
nuclear regions have focused on the genes and the internal and external transcribed
spacers of ribosomal DNA (e.g., Bena et al., 1998; Aïnouche and Bayer, 1999; Wagstaff
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et al., 1999; Wojciechowski et al., 1999; Allan and Porter, 2000), several single or low
copy nuclear genes, including the histone H3 intron (Doyle et al., 1996b; Miller and
Bayer, 2000), phytochrome genes (Lavin et al., 1998), photohemagglutinin genes
(Zink et al., 1994), floral development gene LEAFY (Archambault and Bruneau,
2001), and gibberellic acid 20-oxidases (Steele et al., 2000b; Yang et al., 2001), are
increasingly being investigated. In addition, analyses of chloroplast and nuclear DNA
restriction fragment length polymorphisms (e.g., Watson et al., 2000) and other kinds
of DNA markers (e.g., RAPDs, AFLPs, ISSRs; Wolfe and Liston, 1998) continue to
provide other systematically relevant molecular data on relationships in legumes
especially at the species level, and below (e.g., Travis et al., 1996; Gauthier et al., 1997;
Asmussen and Liston, 1998; Gillies and Abbott, 1998; Ramírez et al., 1999; Robinson
and Harris, 2000; van de Wouw et al., 2001).
Relationships of Leguminosae to other Angiosperms
Within angiosperms, Leguminosae have traditionally been considered ‘rosid’
in their taxonomic relationships, with Connaraceae, Chrysobalanaceae,
Crossosomataceae and Krameriaceae; and even Sapindaceae has been suggested as
closely related (potential sister groups) by different authors at one time or another
(reviewed by Dickison, 1981; Thorne, 1992). The first challenge to these hypotheses
came from the now landmark study of chloroplast rbcL gene sequences by Chase and
coworkers (1993) which placed Polygalaceae and Surianaceae as the sister groups to
Leguminosae, while those traditionally suggested families were all resolved as more
distantly related. This close relationship of Polygalaceae to Leguminosae suggested
by the Chase et al. study has been substantiated by most subsequent analyses, such as
the 2,538 taxa rbcL dataset (Källersjö et al., 1998), combined chloroplast atpB and rbcL
study (Savolainen et al., 2000), and combined atpB, rbcL, and nuclear 18S rDNA
analysis (APG, 1998; Soltis et al., 2000). All these studies consistently show moderate
to strong support for a monophyletic Fabales comprising a monophyletic
Leguminosae sister to a clade of Surianaceae and Polygalaceae (Fig. 1). Only the
results of Soltis et al. (1997) using the 18S nuclear rDNA gene alone, and that of
Nandi et al. (1998), which included separate as well as combined analyses of rbcL and
non-molecular (chemistry, development, morphology) data, came to several,
sometimes significantly different, conclusions, most of which were not well
supported. Additional studies on smaller sets of taxa, such as a rbcL analysis of the
“nitrogen-fixing” clade (Soltis et al., 1995) and a matK analysis of rosids (Steele et al.,
2000a), have shown the rosacean genus Quillaja to be a strongly supported member
of Fabales, but weakly supported as sister to the clade containing Leguminosae,
Polygalaceae, and Surianaceae. More recently, Persson (2001) found support (albeit
weak) for a monophyletic Leguminosae-Quillajaceae -Surianaceae as the sister group
to a strongly supported monophyletic Polygalaceae using trnL-F sequences. Clearly,
resolving the sister group relationships of the family is an important issue. The threegene analyses of Soltis et al. (2000) showed Fabales to be one of four well-supported
subclades (along with Rosales, Cucurbitales, and Fagales) of a larger clade, nested
within Eurosid I, a clade comprising all angiosperms that form symbiotic associations
with nitrogen-fixing bacteria involving specialised root nodules. The strong support
for this nitrogen-fixing clade reinforces earlier molecular evidence for the hypothesis
of a single origin for the predisposition of nitrogen-fixing symbioses within
angiosperms (Soltis et al., 1995).
Phylogenetic relationships within Leguminosae: subfamilies and major clades
Attempts to unravel the phylogeny of the family through cladistic analyses of
molecular data date back more than a decade. The analysis of higher level phylogenetic
relationships in Leguminosae based on sequence data began with the chloroplast gene
rbcL (Doyle, 1995; Doyle et al., 1997; Käss and Wink, 1995, 1996, 1997a), a logical choice
given the early, widespread use of this gene for a comprehensive hypothesis of
7

Advances in Legume Systematics 10

FIG. 1. Phylogenetic relationships of Rosales, Fagales, Cucurbitales, and Fabales portion of
Eurosid I clade of angiosperms, inferred from parsimony analyses of 18S rDNA, rbcL and
atpB sequences (modified from Soltis et al., 2000, Fig. 7). Support values for nodes from
jackknife consensus tree > 50% are indicated. *Denotes the clade of all angiosperms
forming symbioses with nitrogen-fixing bacteria.
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angiosperm relationships. Overall, the topology of Leguminosae that consistently
emerges from analysis of molecular data is one in which the family is supported as
monophyletic, although not always strongly so, as suggested by bootstrap and/or
jackknife analyses. The traditionally defined (sensu Polhill et al., 1981) subfamilies
Mimosoideae and Papilionoideae have both been resolved as monophyletic, nested
within a paraphyletic Caesalpinioideae, in all recent molecular studies (Käss and Wink,
1996; Doyle et al., 1997, 2000; Kajita et al., 2001). Subfamily Caesalpinioideae, with an
estimated 161 genera and about 3,000 species (Lewis et al., in press), comprise the basal
elements in these phylogenies, although relationships among major groups were not
always well supported. In all molecular studies to date, tribe Cercideae (e.g., Cercis and
Bauhinia) is consistently resolved and strongly supported as the basal-most clade in the
family, which notably conflicts with hypotheses based on floral ontogenic studies that
suggest such a position is occupied by caesalpinioid legumes with symmetrical flowers
(Tucker and Douglas, 1994) or cladistic analyses of morphological characters that
suggest a more derived position for Cercideae (Chappill, 1995; J. Chappill, University
of Western Australia, unpublished data). While the flowers of Cercis resemble the
strongly zygomorphic flowers that are a hallmark of subfamily Papilionoideae, recent
ontogenic analyses of numerous caesalpinioid and papilionoid flowers by Tucker (2002,
and references therein) conclude this resemblance is a superficial one (convergence?).
Alternatively, this resemblance may represent similar developmental manifestations of
an underlying, fundamentally bilaterally symmetrical floral structure that is common to
all legumes. Furthermore, not only do the molecular and ontogenetic studies differ
with respect to Cercideae as the basal-most legume group, these studies provide
contradicting hypotheses regarding the relationship of the Mimosoideae and
Papilionoideae to a paraphyletic Caesalpinioideae as well (Fig. 1; Bruneau et al., 2001).
Relationships within Cercis have been the subject of recent studies by Hao et al. (2001)
and Davis et al. (2002).
The next diverging clades identified in order of branching on the rbcL phylogeny
include members of tribe Cassieae (Petalostylis and subtribe Dialiinae) followed by
tribe Detarieae. The remainder of the family is divided into two major clades, one
comprising the remaining Cassieae, tribe Caesalpinieae, and Mimosoideae, and the
clade comprising all members of Papilionoideae. Mimosoideae is strongly supported
(>90% bootstrap and parsimony jackknife; Kajita et al., 2001) as monophyletic and
sister to Erythrophleum of the Dimorphandra group of Caesalpinieae. Remarkably, a
monophyletic Papilionoideae receives only modest support (57% bootstrap, 62%
jackknife) in the rbcL analyses (Kajita et al., 2001). This suggests that papilionoids are
only weakly differentiated molecularly from their caesalpinioid sister groups, no one
of which is singularly well supported as the sister clade to papilionoids.
Recent studies utilising chloroplast trnL intron sequences have sampled a much
greater number and diversity of caesalpinioids (Bruneau et al., 2000, 2001;
Herendeen et al., 2003), and have helped to clarify and provide further support for
some relationships among the basal elements and major subclades in this subfamily
(Fig. 2). As in the rbcL studies, their combined analyses with anatomical,
morphological and molecular data (Herendeen et al., 2003), place the Cercideae as
the basal-most clade, sister to rest of the family, with Detarieae s.l. (sensu Bruneau
et al., 2000, 2001) as the next diverging lineage, followed by Dialiinae s.l. (including
subtribe Labicheninae). In the trnL analyses, the relative position of these latter two
groups are reversed relative to that found in the rbcL studies of Doyle et al. (2000) and
Kajita et al. (2001); Käss and Wink (1996) did not sample Dialiinae s.l. Initially
proposed by Polhill (1994), Detarieae s.l., comprised of Detarieae and Amherstieae,
is strongly supported as monophyletic in trnL analyses, although neither is
individually monophyletic (Bruneau et al., 2000). Interestingly, the presence of
vestured pits in vessel elements, a feature that characterises most genera of
Leguminosae, are noticeably lacking in the Cercideae and Dialiinae s.l. as they are in
almost all of the rosid families suggested as close relatives of the Leguminosae
9
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(Herendeen, 2000). Thus, based on the trnL results, vestured pits would have evolved
twice in the family, once in Detarieae s.l., and once in the clade that includes most of
the other Caesalpinioideae (i.e., rest of tribe Cassieae, tribe Caesalpinieae), the
Mimosoideae, and Papilionoideae (“clade A”, Figs. 2, 6; Bruneau et al., 2001). Of the
four tribes recognised in the latest classification of the Caesalpinioideae (Bruneau et
al., 2000, 2001), only Cercideae is supported as monophyletic. Also, unlike the results
from rbcL analyses (e.g., Kajita et al., 2001) the Dimorphandra group of Caesalpinieae,
a diverse assemblage of genera, many of which share characteristics with the
Mimosoideae (specifically the Mimoseae), is paraphyletic with respect to the
Mimosoideae in the trnL analyses. Monophyly of the Papilionoideae is well supported
by the trnL data (99% bootstrap), but with no well supported sister group from
among caesalpinioid legumes.

FIG. 2. Phylogenetic relationships at base of Leguminosae, based on parsimony analyses of trnL
intron data (modified from Bruneau et al., 2000, 2001). Some tribes and major clades
indicated. Nodes labelled “A” and “B” refer to clades described in Bruneau et al. (2001,
Fig. 6). Bootstrap support values indicated for major clades; *denotes clades supported by
bootstrap levels greater than 50%. Support values for monophyletic Leguminosae based on
analyses of other data sets: rbcL, 83% (jackknife; Kajita et al., 2001); matK, 93% (bootstrap
level; (M. Wojciechowski and M. Lavin, Montana State University, in preparation); psaA,
93% (bootstrap level, M. Wojciechowski and M. Sanderson, University of California, Davis,
unpublished data).
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Mimosoideae
The subfamily Mimosoideae, with an estimated 76 genera and some 3,000 species
(Lewis et al., in press), is the smallest of the subfamilies of legumes but probably the least
understood from a phylogenetic perspective. While it has generally been accepted that
the Mimosoideae was monophyletic, and derived from caesalpinioid ancestors (Polhill
et al., 1981; Chappill, 1995; Luckow et al., 2000), the traditional “boundary” between the
two subfamilies, with mimosoids distinguished by valvate aestivation of the petals and
usually sepals, is not as distinct as once believed (e.g., Elias, 1981). Early analyses of
molecular data (Käss and Wink, 1996; Doyle et al., 1997) supported the monophyly of
the subfamily, but these results were suspect because too few mimosoid taxa were
included in these studies. More extensive sampling of both mimosoid and presumed
closely related caesalpinioid taxa for trnL and trnK/matK sequences (Fig. 3), however,
reveals there is no support for the monophyly of the Mimosoideae, with members of the
Dimorphandra group of Caesalpinieae (Dimorphandra, Erythrophleum, Mora) nested within
early diverging lineages of Mimoseae (Dinizia, Piptadeniastrum, Pentaclethra) or
unresolved with respect to these and other caesalpinioid taxa (Luckow et al., 2000;
Bruneau et al., 2001; Luckow et al., 2003). The Dimorphandra group has long been
hypothesised as an “apparent link” between these subfamilies (Elias, 1981). A close
relationship between the Dimorphandra group and mimosoids is supported by several
shared anatomical and morphological features such as bipinnate leaves, similar root
nodules, and elongated spikes or paniculate inflorescences of small bisexual flowers
(Polhill et al., 1981; Chappill, 1995; Luckow et al., 2000).
In addition to the suspect monophyly of the subfamily, the monophyly and
relationships of its’ constituent tribes have been problematic as well (Luckow et al.,
2000, 2003). Within Mimosoideae, none of the traditionally recognised tribes,
Acacieae, Ingeae, Mimoseae and Parkieae, are monophyletic (a fifth, Mimozygantheae,
is monotypic) based on analyses of trnL and trnK/matK data (Luckow et al., 2000, 2003);
indeed, these authors suggest their continued recognition may not be feasible.
Mimoseae form a basal grade, with Parkieae, Ingeae and Acacieae nested within it. For
Parkieae, with Parkia more closely related to members of Ingeae and Mimoseae than to
Pentaclethra, such a finding is not a surprise as several authors have suggested this on the
basis of morphological evidence (e.g., Luckow and Hopkins, 1995). Only Acacia s.s. is
strongly supported as monophyletic (Luckow et al., 2003). Analyses of the nuclear
histone H3-D region in addition to trnK/matK sequences (Miller and Bayer, 2000, 2001)
are consistent with those of Luckow et al. (2000, 2003) in suggesting that neither the
tribe Acacieae nor the larger of its two constituent genera, Acacia (c. 1,200 spp.), are
monophyletic, the latter of which is also supported by RFLP analyses of chloroplast
DNA (Robinson and Harris, 2000). Furthermore, all analyses agree that the other
genus of Acacieae, the monotypic Faidherbia, is more closely related to Ingeae, a
relationship that has been demonstrated by recent cladistic analyses of morphological
data (Chappill and Maslin, 1995; Grimes, 1999) as well.
Papilionoideae: monophyly and overview of major clades
The Papilionoideae, the largest (with an estimated 483 genera and 12,000 species;
Lewis et al., in press) and most widely distributed of the three traditionally recognised
subfamilies of Leguminosae, is readily distinguished from the other subfamilies by
vegetative, floral, and fruiting characters (Polhill, 1981a; Chappill, 1995) including
floral development (e.g., Tucker, 1987, 2002; Tucker and Douglas, 1994). While the
subfamily has been the subject of intensive taxonomic research over the past few
decades, higher level phylogenetic relationships within papilionoids have remained
unclear. This may be due, in part, to a poor understanding of relationships among,
and perhaps an over-emphasis on, the genera in the presumed basal tribes
Sophoreae, Swartzieae, and to a lesser extent Dalbergieae (Polhill, 1994; Pennington
et al., 2001). Papilionoideae has been consistently resolved as monophyletic in
analyses of rbcL data (Doyle et al., 1997, 2000; Kajita et al., 2001; Käss and Wink, 1995,
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1996), but support for this conclusion has been low. Similarly, the overall topology
(e.g., rbcL strict consensus tree; Doyle et al., 2000; Kajita et al., 2001) of the subfamily
is largely unresolved and weakly supported, although there is an emergent pattern
involving the resolution of at least four major papilionoid clades. Each of these
clades has been the subject of recent investigations; the composition and structure of
each has been further delimited and refined through more extensive sampling, and
by virtue of the use of more informative molecular data. These include the
“dalbergioids” (“aeschynomenoid group”, Doyle et al., 2000; Kajita et al., 2001), which
comprises tribes Adesmieae, Aeschynomeneae, the Dalbergia group of Dalbergieae,
and subtribe Bryinae of Desmodieae (Lavin et al., 2001a); the “genistoids”, tribes
Genisteae, Thermopsideae, Crotalarieae, Liparieae, Podalyrieae, and members of
Sophoreae s.s. (Käss and Wink, 1997a; Crisp et al., 2000); a clade known as
“Millettieae, Phaseoleae and allies” (“Phaseoloids”, Doyle et al., 2000;

FIG. 3. Summary of phylogenetic relationships of mimosoids based on parsimony analyses of
trnL intron and trnK/matK sequence data; *denotes clades supported by bootstrap levels
greater than 50% (modified from Luckow et al., 2000, 2003). Traditional Mimosoideae
tribe names indicated to right, major groups of Acacia and genus Faidherbia (Acacieae) and
“SIR” clade indicated; Caesalpinioideae genera names are shown in bold face.
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“Millettioids/Phaseoloids”, Kajita et al., 2001) that includes Millettieae, Desmodieae
subtribes Desmodiinae and Lespedezinae, Abreae, Phaseoleae, and Psoraleeae (Lavin
et al., 1998; Hu et al., 2000; Kajita et al., 2001); and “Hologalegina” (“galegoid clade”,
Doyle et al., 2000; Kajita et al., 2001), a clade comprising the predominantly temperate
herbaceous (epulvinate) tribes Galegeae, Carmichaelieae, Cicereae, Hedysareae,
Trifolieae, Vicieae, with Robinieae plus Loteae s.l. (including Coronilleae) forming a
monophyletic subclade (Wojciechowski et al., 2000). A potential fifth, large clade
within papilionoids, composed primarily of the tribes Bossiaeeae and Mirbelieae, has
been suggested by some studies (see below).
Cladistic analyses of trnL intron sequences (Ireland et al., 2000; Pennington et al.,
2001) from those tribes long considered basal in the subfamily are also helping to
clarify relationships among the earliest branching papilionoid groups. First, the trnL
data (Fig. 4) strongly support the monophyly of the Papilionoideae, as currently
circumscribed (Polhill, 1981a, 1994), thus clearly rejecting long standing suggestions
based on morphological evidence that at least some genera of tribe Swartzieae might
belong more appropriately in Caesalpinioideae (discussed in Polhill, 1994).
Sophoreae, Swartzieae, and Dalbergieae (sensu Polhill, 1994) are all polyphyletic and
nested at or near the base of the papilionoid clade, where the bulk of their
constituent genera are mixed in a series of monophyletic groups whose relationships
are still poorly resolved. However, several clades of significance are apparent, some
of which were identified previously in rbcL analyses despite the more limited sampling
in those earlier studies (e.g., Doyle et al., 1997). A clade of Swartzia, Bobgunnia, Ateleia,
Cyathostegia, and Bocoa (“swartzioid” clade) is resolved as sister to all other
Papilionoideae (Ireland et al., 2000). Although this association was never
hypothesised previously on the basis of morphological evidence, the members of this
clade all appear to possess an unusual ring meristem in the flower (Pennington et al.,
2000) and all possess nodulating ability (Sprent, 2000, 2001), clearly distinguishing
them from other basal papilionoid groups. The next diverging lineages in the
papilionoid clade include some individual groupings of Sophoreae genera (e.g.,
Angylocalyx and Xanthocercis, Cladrastis and Styphnolobium, Myrospermum and Myroxylon,
Castanospermum and Alexa), Swartzieae genera (Aldina, Cordyla, and
Mildbraediodendron), and a small, monophyletic tribe Dipterygeae (Dipteryx, Pterodon,
Taralea) all of which are reasonably well-supported (Pennington et al., 2001).
Interestingly, the vast majority of genera in these latter groups have been surveyed
and found to be non-nodulating (Sprent, 2000, 2001).
These studies have also provided some support for the hypothesis that the
presence of the 50 kb inversion in the large single copy region of the chloroplast
genome (Doyle et al., 1996a) is a uniquely derived synapomorphy for a monophyletic
group that includes most papilionoid groups (Fig. 4). As Pennington et al. (2001)
point out, while many of the taxa in this “50 kb inversion” clade, which includes the
four major papilionoid clades described above, remain to be screened for the
presence of this inversion, all the taxa that have been demonstrated so far to lack the
inversion (i.e., the “swartzioid” clade, tribe Dipterygeae plus the several genera of
Sophoreae and Swartzieae mentioned above; Doyle et al., 1996a) fall outside of this
clade, with the exception of Aldina (Swartzieae) which appears to possess the
inversion (Doyle et al., 1996a). Within the “50 kb inversion” clade several genera are
known to lack nodulation activity, including Exostyles, Harleyodendron, Lecointea,
Luetzelburgia, Vatairea, and Zollernia (Sprent 2000, 2001). This suggests that the ability
to nodulate has been lost independently in different groups of woody papilionoids,
both outside and within the “50 kb inversion” clade. Also among the major questions
that remain to be resolved is the exact relationship among the major papilionoid
clades, which will now be discussed in turn. The evidence obtained so far consistently
support the Millettieae, Phaseoleae and allies clade as the sister group to
Hologalegina, and suggests that together this larger clade occupies a more derived
position in the papilionoid phylogeny than the other major clades.
13
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FIG. 4. Summary of phylogenetic relationships of basal papilionoid groups (bold lines), based
on parsimony analyses of trnL sequence data (modified from Ireland et al., 2000;
Pennington et al., 2000, 2001). Major clades identified. Names of Swartzieae genera shown
in italics; Sophoreae genera in boldface. Genera with confirmed reports of negative
nodulation ability are underlined (Sprent, 2000, 2001). *Denotes clades from trnL analyses
with bootstrap support values greater than 50%. Bootstrap support for papilionoid clade
based on analyses of trnL intron and other data sets: trnL data, 100% (Pennington et al.,
2001); rbcL data, 68% (Kajita et al., 2001); matK data, 100% (M. Wojciechowski and M.
Lavin, Montana State University, in preparation); psaA data, 99% (M. Wojciechowski and
M. Sanderson, University of California, Davis, unpublished data).
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Dalbergioid clade
The “dalbergioids” (Fig. 5) represent a newly described, monophyletic group
comprising all genera previously referred to the tribes Adesmieae, Aeschynomeneae,
subtribe Bryinae of Desmodieae, and Dalbergieae except the genera Andira,
Hymenolobium, Vatairea, and Vataireopsis (Lavin et al., 2001a). This unrecognised group
(in previous classifications), as well as its three, well-supported constituent subclades,
the Adesmia clade, Dalbergia clade, and Pterocarpus clade, were identified primarily on
the basis of molecular data (chloroplast trnK/matK and trnL intron sequences) but
barely distinguished, if at all, by non-molecular data (Lavin et al., 2001a).
The recognition of this pantropical group of 44 genera and c. 1,100 species clearly
distinguishes the dalbergioids from the papilionoid groups that accumulate non-

FIG. 5. Summary of phylogenetic relationships of the “dalbergioids” legumes (bold lines), based
on combined parsimony analyses of trnK/matK and non-molecular data (modified from
Lavin et al., 2001a). Bootstrap support levels for major clades indicated; *denotes bootstrap
support values for additional clades greater than 50%. Names of major clades and tribe
Amorpheae indicated.
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protein amino acids in their seeds, such as Millettieae and Hologalegina. The latter
two groups have traditionally been considered closely related to and taxonomically
confused with various members of the dalbergioids (Lavin et al., 2001a). While the
dalbergioids are apomorphically diagnosed by the aeschynomenoid root nodule
(Sprent, 2001) and many molecular characters (Lavin et al., 2001a), the shared
inflorescence and fruiting similarity (e.g., Sousa and de Sousa, 1981) of certain
dalbergioids and Millettieae is now attributed to independent evolution.
Interestingly, the analyses of Lavin et al. (2001a) indicate that members of tribe
Amorpheae comprise the sister group to the dalbergioids (Fig. 5). Amorpheae are a
group of eight genera and approximately 240 species confined primarily to the
deserts and warm, arid regions of temperate and tropical North America, although
Dalea extends from Canada to Argentina (Barneby, 1977, 1981). Preliminary results
based on an analysis of trnK/matK sequences from all genera suggests Amorpheae
comprises a monophyletic group (McMahon and Hufford, in press). Furthermore,
both of the above conclusions are strongly supported in a larger matK analysis of more
than 250 taxa as well (M. Wojciechowski and M. Lavin, Montana State University, in
preparation).
Genistoid clade
The concept of the “genistoid alliance” (‘genistoids’) sensu Polhill (1981a)
brought together for the first time a group of putatively related (albeit paraphyletic),
predominantly southern hemisphere tribes that traditionally have been considered
relatively isolated at the base of papilionoid legumes. The alliance as recognised
consisted of four separate lineages; one includes the predominantly northern
hemisphere Genisteae s.s., Euchresteae, and Thermopsideae together with certain
Sophoreae (Sophora group); a second comprising the mainly southern African
Crotalarieae, Liparieae, and Podalyrieae, and segregate tribe Hypocalypteae; a third
comprising the endemic Australian Bossiaeeae and Mirbelieae; and the fourth, the
neotropical Brongniartieae, variously linked to several of the other tribes but
considered closest to the Australian lineage. Early molecular phylogenetic analyses
by Käss and Wink (1996, 1997a, b) provided additional evidence that members of the
alliance formed a monophyletic group with some members of Sophoreae (Maackia
and Sophora spp.) near the base of papilionoids, while the Doyle et al. (1997) analysis
indicates the genistoids are polyphyletic, forming three clades, the largest of which
approximates the genistoid clade of Käss and Wink.
Using separate and combined nrDNA ITS and rbcL datasets, Crisp et al. (2000)
have confirmed the polyphyly of the genistoids sensu Polhill (1981a). The authors
suggest that this name be restricted to a well-supported “core genistoids” group (Fig.
6), centred in Africa and Eurasia, that comprises the majority of the tribes that made
up Polhill’s genistoid alliance, including Genisteae, Crotalarieae, Podalyrieae s.l.
(plus Liparieae), Euchresteae, Thermopsideae, and members of the Sophora group of
Sophoreae (some, but not all, species of Sophora and Maackia). This clade contains a
large temperate and subtropical component with genera such as Aspalathus (250
spp.), Crotalaria (c. 600 spp.), Lupinus (c. 250 species), Genista (90 spp.), Podalyria (25
spp.), and Thermopsis (25 spp.). Additional molecular data (described below),
supported by evidence from the distribution of quinolizidine alkaloids (e.g.,
Kinghorn and Balandrin, 1984), suggests the core genistoids clade is nested in a
larger clade that includes several, largely Neotropical genera of Sophoreae such as
Acosmium, Bolusanthus, Bowdichia, Clathrotropis, Dicraeopetalum, Ormosia, Platycelyphium,
and Salweenia, tribe Brongniartieae, plus Cyclolobium and Poecilanthe of Millettieae.
The exact composition and relationships of tribe Brongniartieae are still
unresolved. Poecilanthe and Cyclolobium are now recognised as belonging in a wellsupported clade with Brongniartieae (sensu Crisp and Weston, 1987) based on nrDNA
ITS (Crisp et al., 2000; Hu et al., 2002), matK (Hu et al., 2000; M. Wojciechowski and
M. Lavin, Montana State University, in preparation), rbcL (Kajita et al., 2001), trnL
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(Pennington et al., 2001), and morphology (Doyle et al., 2000). Unfortunately, since
the most recent studies have not included representatives of all genera currently
placed in the tribe plus Poecilanthe and Cyclolobium (Thompson et al., 2001; Hu et al.,
2002), the relationships among these taxa remain unclear. Analyses of matK
sequences (Hu et al., 2000; M. Wojciechowski and M. Lavin, Montana State University,
in preparation) suggest Ormosia, Bolusanthus, and Acosmium (Sophoreae) may be
basally branching lineages in a larger “core genistoids+Brongniartieae+ Sophoreae”
clade, while trnL analyses (Pennington et al., 2001) indicate Bowdichia and
Clathrotropis as potentially basal as well. However, sampling in those latter three
studies was limited and may not reflect the correct placement of these taxa relative to

FIG. 6. Summary of phylogenetic relationships of “core genistoids” clade (bold lines), based on
results from nrDNA ITS & rbcL (Crisp et al., 2000), matK (Hu et al., 2000; M. Wojciechowski
and M. Lavin, Montana State University, in preparation), and trnL intron (Pennington et
al., 2001) analyses. *Denotes clades with bootstrap support levels greater than 50% (based
mainly on Crisp et al., 2000). Tribe names indicated to right; names of Sophoreae genera
shown in boldface.
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others in this clade. Furthermore, results from these studies with regard to the
relationship of the Brongniartieae clade to that of the core genistoids, are largely
equivocal; Crisp et al. (2000) and Doyle et al. (1997) find the Brongniartieae clade
paraphyletic with respect to the core genistoids, while the most recent rbcL analyses
(Doyle et al., 2000; Kajita et al., 2001) essentially place Brongniartieae and core
genistoids as unresolved clades at the base of papilionoids.
Several of these same studies have also consistently shown that the Australian tribes
Bossiaeeae and Mirbelieae are not closely related to the core genistoids clade.
Whether these tribes together form a monophyletic group, as suggested by Crisp and
Weston (1987) and Crisp et al. (2000), is still unclear. However, evidence from matK
sequences (M. Wojciechowski and M. Lavin, Montana State University, in
preparation) suggests they form a monophyletic group with Hypocalyptus
(Hypocalypteae; Schutte and van Wyk, 1998) as sister taxon, and that this clade,
perhaps along with Baphia and close relatives in Sophoreae (Pennington et al., 2001),
comprise the immediate sister group to the larger clade that contains Millettieae,
Phaseoleae, and their allies (Hu et al., 2000; Kajita et al., 2001) plus Hologalegina
(Wojciechowski et al., 2000).
Millettieae, Phaseoleae, and allies clade
The predominantly tropical tribe Millettieae, with over 40 genera and nearly 1,000
species, has figured prominently in hypotheses of the relationships of the “advanced”
papilionoids — considered the “transitional link” from the more basal elements of
Dalbergieae and Sophoreae, to putatively more derived tribes like Phaseoleae and
Galegeae (Geesink, 1981, 1984; Polhill, 1981a). Early rbcL analyses (Doyle et al., 1997)
suggested the polyphyly of Millettieae and Phaseoleae with their members falling into
two main clades, one group dominated by Millettieae, the other comprising the bulk
of Phaseoleae. In this and all subsequent analyses, Indigofereae emerges as the sister
group to the larger clade containing most Millettieae, all of Phaseoleae, and
including tribes Abreae, Desmodieae and Psoraleeae.
More thorough molecular phylogenetic studies using nuclear phytochrome gene
sequences by Lavin et al. (1998), trnK/matK sequences by Hu et al. (2000), and a
combined analyses of rbcL, matK, and nuclear ribosomal ITS data by Hu (2000),
convincingly confirm a polyphyletic Millettieae (Fig. 7), with most of its taxa placed
in two well-supported clades; one referred to as “core Millettieae” comprising the
large genera Millettia, Lonchocarpus, Derris and Tephrosia, the other dominated by the
majority of Phaseoleae. A third group of Millettieae comprises Callerya, Wisteria, and
Afgekia, which are nested with Glycyrrhiza (Galegeae) at the base of the large clade
comprising all temperate herbaceous legumes that lack one copy of the 25 kilobase
inverted repeat in chloroplast DNA (IR-lacking clade or “IRLC” within Hologalegina,
see below; Wojciechowski et al., 2000). A fourth group of Millettieae taxa that
includes Cyclolobium and Poecilanthe is distantly related to all other Millettieae and is
nested within a clade containing taxa from Brongniartieae and Sophoreae amongst
the basal lineages of papilionoids (Fig. 6). Relationships within each of these
disparate groups of Millettieae taxa have been further resolved by more extensive
sampling and analysis of nrDNA ITS sequences (Hu et al., 2002).
The latest rbcL analyses have demonstrated that Phaseoleae, the largest of the
legume tribes in terms of number of genera (Lackey, 1977, 1981), as well as most of
its larger subtribes, including Erythrininae, Glycininae and Phaseolinae are
polyphyletic (Kajita et al., 2001). The main Phaseoleae clade (Fig. 7), comprising
subtribes Cajaninae, Erythrininae (at least the majority), Glycininae, Kennediinae
and Phaseolinae, contains several agriculturally important genera such as Glycine,
Phaseolus and Vigna. Tribes Desmodieae and Psoraleeae are nested within this main
Phaseoleae clade, but sampling to date from these latter tribes is too minimal to assess
their monophyly. Phaseoleae subtribes Diocleinae and Ophrestiinae appear to be
part of the sister group to core Millettieae, while subtribe Clitoriinae groups with
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FIG. 7. Summary of phylogenetic relationships of “Millettieae, Phaseoleae & allies” (MPA) and
“Hologalegina” (HG) clades. Tree shown is a phylogram based on maximum parsimony
analyses of matK sequences (Hu et al., 2000; M. Wojciechowski and M. Lavin, Montana State
University, in preparation). “IRLC”, IR-lacking clade indicated. Bootstrap support levels
shown above branches; * denotes clades with bootstrap levels greater than 70%. Note
paraphyly of many of the indicated tribes.
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Austrosteenisia (Millettieae) in a clade that appears sister to the main Phaseoleae clade
(Kajita et al., 2001). The results of Hu et al. (2000, 2002), are highly congruent with
these latest findings based on rbcL (Kajita et al., 2001) with regard to relationships in
these two large clades containing the majority of Millettieae and all of Phaseoleae.
Studies in progress on Desmodieae (T. Kajita, University of Tokyo, unpublished data),
and Phaseoleae (M. Lavin, Montana State University and A. Delgado, UNAM,
unpublished data) should help to further clarify phylogenetic relationships in the
main Phaseoleae subclade of this major papilionoid radiation. Although Lee and
Hymowitz (2001) resolve a monophyletic subtribe Glycininae, this may be an artifact
of very limited taxon sampling of other Phaseoleae subtribes in their analysis.
Hologalegina clade
The largest of the major papilionoid clades is a group of largely temperate and
herbaceous tribes (Carmichaelieae, Cicereae, Hedysareae, Trifolieae, Vicieae and
Loteae s.l., i.e., including Coronilleae) plus taxa grouped by earlier authors (e.g.
Polhill, 1981a) in the large, heterogeneous tribe Galegeae. This “temperate
herbaceous group” has long been considered a natural group, characterised by a
combination of morphological features shared by most of its members, with centres
of diversity in Eurasia and the New World and likely derived from tropical ancestors
(Polhill, 1981a). A number of earlier molecular studies (Lavin et al., 1990; Liston,
1995; Liston and Wheeler, 1994: Sanderson and Wojciechowski, 1996; Doyle et al.,
1997; Käss and Wink, 1997a) lent further, though not always strong, support to the
hypothesis that Galegeae is paraphyletic, but that together these tribes comprise a
monophyletic lineage separate from other large temperate, herbaceous legume
groups (e.g., core genistoids). The results from these and other studies (e.g., Lavin,
1995) also suggested this clade includes tribe Robinieae (Robinia) and at least some
genera of Millettieae. Subsequent studies based on nuclear phytochrome genes
(PHY, Lavin et al., 1998), trnK/matK sequences (Hu et al., 2000), and “supertree”
analyses (Wojciechowski et al., 2000) strongly support the conclusion that the majority
of members of this temperate, herbaceous group of tribes (except Loteae,
Coronilleae) plus Callerya, Wisteria and Afgekia of Millettieae, form a monophyletic
group (the IRLC) that is the sister group to a strongly supported clade comprised of
Robinieae (sensu Lavin and Sousa, 1995) plus Loteae s.l. Together these two clades
(Fig. 7) comprise the monophyletic group referred to as “Hologalegina”
(Wojciechowski et al., 2000).
The composition and structure of major subclades within Hologalegina have
recently been reviewed by Wojciechowski et al. (2000) and so will not be discussed in
great detail here. The largest, the IRLC, containing about 93% of the species diversity
represented by Hologalegina (c. 4,600 spp.), comprises three large, well-supported
subclades. The largest of these, the “Astragalean” clade, is dominated by the genus
Astragalus (2,500–3,000 spp.) and other, primarily north temperate (e.g., Oxytropis)
and Australasian (e.g., Swainsona) genera from Galegeae (Wojciechowski et al., 1999).
The second, the “vicioid” clade, consists of the tribes Cicereae, Trifolieae and Vicieae,
which contain a number of agriculturally important genera including Cicer, Lathyrus,
Lens, Medicago, Melilotus, Pisum, Trifolium and Vicia, plus Galega of Galegeae. Recent
analyses based on matK sequences (Steele and Wojciechowski, 2003) are helping to
clarify generic level relationships in this subclade, showing strong support for a
monophyletic Trifolium and monophyletic Vicieae as sister groups nested within a
paraphyletic Trifolieae. Furthermore, these results are consistent with those of Bena
(2001), based on nrDNA ITS and ETS sequences, in supporting a monophyletic
Medicago (including the “medicagoid” Trigonella species) as the sister group to
Trigonella plus Melilotus. The third subclade appears to include members of the tribe
Hedysareae, Alhagi (Galegeae), and Caragana plus its close relatives from Galegeae.
In spite of rather extensive taxonomic and molecular sampling across these three
subclades, the data are not consistent in resolving relationships among them.
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Traditional tribes Loteae (s.l., including Coronilleae) plus Robinieae comprise the
well-supported sister group to the IRLC within Hologalegina based upon molecular
data (Doyle et al., 2000; Wojciechowski et al., 2000), while non-molecular data place
Loteae nested close to Trifolieae and Vicieae within the IRLC and Robinieae much
closer to Indigofereae and members of Millettieae and Phaseoleae (Chappill, 1995; J.
Chappill, unpublished data). Recent studies have more closely examined relationships
within these two tribes. Using phylogenetic results from comprehensive sampling of
non-molecular data and sequences from nrDNA ITS, trnK/matK, and the trnL intron,
Lavin et al. (in press) clearly distinguish the exclusively New World “robinioid” legumes
(and distinct subclades) from Robinieae (sensu Lavin and Sousa, 1995) so as to exclude
the pantropical genus Sesbania, which accumulating evidence indicates is more closely
related to Loteae s.l. Allan and Porter (2000) and Allan et al. (2003) show that while
Loteae s.l., as well as several of its constituent genera, is monophyletic based on nrDNA
ITS sequences, traditional Loteae is paraphyletic with respect to Coronilleae.
Furthermore, the largest and most widespread genus in the tribe, Lotus (“s.l.”), is not
monophyletic, with Mediterranean species of Lotus more closely related to
Hammatolobium (Coronilleae) than to New World members of the genus.
The sequence-based studies cited in Wojciechowski et al. (2000) provide
overwhelming independent evidence for the conclusion that the structural mutation
that resulted in the loss of one copy of the inverted repeat in the chloroplast genome
of members of the IRLC is a unique synapomorphy for this clade (Lavin et al., 1990).
These and other studies (Doyle et al., 2000; Kajita et al., 2001) have clearly placed
Hologalegina as the sister group to the clade comprised of taxa that have been assigned
to the tribes Millettieae, Phaseoleae, and their primarily Old World, tropical relatives
Indigofereae, Abreae, Desmodieae and Psoraleeae. This result differs from earlier
suggestions that the taxa which comprise Hologalegina were “derived from” a grade
consisting of Millettieae and these latter tribes (Polhill, 1981a; Geesink, 1984). The
recognition of Hologalegina and the Millettieae, Phaseoleae and allies clade, like that
of the dalbergioids clade, should dispel any lingering doubts about the higher level
relationships of tribes such as Aeschynomeneae (Polhill, 1994), Robinieae (e.g., Sousa
and de Sousa, 1981) and Millettieae (e.g., Geesink, 1984), or certain of their constituent
genera such as Millettia/Tephrosia, Derris/Lonchocarpus or Poecilanthe, groups whose
composition and/or taxonomic affinities have been especially confused and fluid in
recent history. Furthermore, the recognition of this larger clade of temperate and
tropical papilionoids (i.e., Hologalegina plus Millettieae, Phaseoleae and allies clade,
and Indigofereae) brings together the many disparate groups characterised by the
accumulation of non-protein amino acids in seed, suggesting this character evolved
(with few instances of loss or reversal) in the most recent common ancestor of this clade
rather than multiple, independent times in legumes (Hu et al., 2000).
Unresolved Papilionoid groups
The phylogenetic position of a number of genera and small groups nested among
the major clades of papilionoids remain poorly resolved (if at all) in the majority of
molecular analyses cited here. Many of these taxa include genera of Sophoreae,
Swartzieae and Dalbergieae that are not members of the clades containing major
radiations, and that form groups whose relationships are not resolved within the 50
kb inversion clade. For example, one of these groups (the “vataireoid” clade; Fig. 4),
comprising Vatairea and Vataireopsis of Dalbergieae, Luetzelburgia and Sweetia of
Sophoreae, and Harleyodendron and Exostyles of Swartzieae, is one of the best
supported groups in the trnL analyses of Pennington et al. (2001). Likewise, most
members of the largely African Baphia group of Sophoreae (Baphia, Airyantha,
Dalhousiea, Leucomphalos) plus Baphiopsis (Swartzieae) form a monophyletic group
(“baphioid” clade) that is nested close to the large clade comprising Hologalegina
plus Millettieae, Phaseoleae and allies, based on trnL analyses (Pennington et al.,
2001), or with Bossiaeeae plus Mirbelieae as the sister group to this huge clade based
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on matK analyses (M. Wojciechowski and M. Lavin, Montana State University, in
preparation). Both results, however, are weakly supported and in need of more
thorough investigation.
Like the case with Sophoreae, these studies clearly illustrate the polyphyletic
nature of Sophora itself, a diverse genus long considered central to any understanding
of basal papilionoid relationships (Polhill, 1981b). Sophora bhutanica H. Ohashi, S.
davidii (Franch.) Pavol., S. flavescens Aiton, S. jaubertii Spach, S. macrocarpa Sm., S.
microphylla Aiton, S. velutina Lindl. (Käss and Wink, 1995; Crisp et al., 2000; Doyle et
al., 1997; Pennington et al., 2001), and S. nuttalliana B. L. Turner (M. Wojciechowski,
unpublished data) nest within the core genistoids clade (Fig. 6). Sophora affinis Torr.
& A. Gray (as Styphnolobium affine (Torr. & A. Gray) Walp.) and S. japonica L. (as
Styphnolobium japonicum (L.) Schott) are nested in a clade with Cladrastis (Doyle et al.,
1997, 2000; Käss and Wink, 1997a; Kajita et al., 2001; Pennington et al., 2001) (Fig. 4)
and the Californian chaparral endemic Pickeringia (M. Wojciechowski, unpublished
data) outside the 50 kb inversion clade, closer to the base of papilionoids. The
placement of S. arizonica S. Watson as the sister taxon to S. secundiflora (Ortega)
Lagerh. ex DC. (Calia secundiflora (Ortega) Yakovlev) based on matK analysis (M.
Wojciechowski, unpublished data), suggests a third (potential) group of Sophora
species (Fig. 4), unresolved near the base of the 50 kb inversion clade (Kajita et al.,
2001; Käss and Wink, 1996, 1997a; Pennington et al., 2001). These latter two results
lend support to Sousa and Rudd’s (1993) re-instatement of both Styphnolobium and
Calia as genera distinct from Sophora.

Diversification of the Leguminosae: estimation of divergence times of
major clades
The Leguminosae has been thought by earlier authors to have originated before
the end of the Cretaceous, with the earliest reports consisting of fossil pollen and
wood of what resemble Caesalpinioideae from the Maastrichtian of Canada, Siberia
and Colombia (e.g., Raven and Polhill, 1981). Unfortunately, much of this evidence
is limited and cannot be unequivocally assigned to the family (Herendeen et al.,
1992). The megafossil record for legumes from the Tertiary, however, is abundant
and diverse, and indicates that all three subfamilies were present by the early Eocene
(Crepet and Taylor, 1985, 1986; Crepet and Herendeen, 1992; Herendeen et al.,
1992). By the middle Eocene numerous taxa representing all three subfamilies were
present at a number of localities, such as the diverse assemblage of caesalpinioid,
mimosoid and papilionoid flowers, fruits and leaflets that have been described from
the Buchanan clay pit site in southeastern North America (Herendeen, 1992).
Indeed, the fossil record of this region (Mississippi Embayment), and other regions,
documents the occurrence of a large number of tribes, including Acacieae,
Caesalpinieae, Cassieae, Dalbergieae, Detarieae, Ingeae, Mimoseae, Sophoreae,
Swartzieae, later Robinieae, by the middle Eocene (Herendeen et al., 1992). Thus,
the presence and abundance of most major lineages of woody legumes (except for
the Cercideae) by the middle to upper Eocene suggests that extensive diversification
had taken place by this time (Herendeen, 1992; Herendeen et al., 1992).
The use of molecular sequence data for making inferences about the ages of lineages
and clade diversification is increasingly revealing insights into the evolution of a
diversity of taxa, such as metazoans (Wray et al., 1996), Hawaiian silverswords (Baldwin
and Sanderson, 1998), pandemic HIV-1 viruses (Korber et al., 2000), and angiosperms
(Sanderson and Doyle, 2001), including some legume groups (Wojciechowski et al.,
1999; Lavin et al., 2001b; Richardson et al., 2001). While comparisons of relative rates
of molecular evolution (nucleotide substitution) have provided abundant evidence that
rates vary widely between lineages, such characterisations provide neither an estimate
of absolute rate of evolution nor any indication of how absolute rates change through
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time (Sanderson, 1997, 2002). Moreover, because absolute rates of nucleotide
substitution and divergence times are inextricably linked, one cannot be estimated
without the other (Sanderson, 2002). Several general approaches for estimating
divergence times of lineages in the absence of rate constancy (i.e., no molecular clock)
have been proposed. Some involve the identification and subsequent pruning of
terminal taxa or internal nodes that appear to deviate significantly from a tree-wide
“average” rate of substitution (so-called “linearized” trees; Takezaki et al., 1995), while
some utilise “local” molecular clocks in which subtrees within a phylogeny are assigned
different rates but the rate within each subtree is constant (e.g., Rambaut and
Bromham, 1998). Others invoke highly parametric methods that model rate variation
among branches explicitly (e.g., Thorne et al., 1998). Recently, Sanderson has
developed both an entirely non-parametric method (“non-parametric rate smoothing”:
Sanderson, 1997) and a semi-parametric approach (“penalised likelihood”: Sanderson,
2002) for estimating rates of molecular evolution and reconstructing divergence times
in the absence of rate constancy.
As an example of these approaches, I present here the results of a preliminary
analysis in which the ages (in million years, MA) of some major clades of legumes are
estimated based on molecular sequence data. The data set used for these analyses
consists of complete chloroplast matK gene sequences (c. 1530 base pairs) sampled
from 150 species of legumes culled from a larger data set of sequences representing
more than 250 legume taxa (M. Wojciechowski and M. Lavin, Montana State University,
in preparation), predominantly papilionoids. For this analysis, branch lengths
(numbers of substitutions) were initially estimated on a single maximum parsimony
tree, using sequences from Polygala californica Nutt. and Quillaja saponaria Molina as
outgroups to root the topology; these taxa were then excluded from subsequent
analysis. Zero-length branches, if any, were collapsed to hard polytomies. Ages were
estimated for each node in the phylogeny, using the earliest unequivocal fossil evidence
for Leguminosae (59.9 Ma; P. Herendeen, George Washington University, personal
communication) to fix the age at the root of the tree (i.e., base of Leguminosae clade).
Three methods of evolutionary rate analyses were employed, as implemented in the
program ‘r8s’ (available at http://ginger.ucdavis.edu/r8s), and include: (1) LangleyFitch (LF; Langley and Fitch, 1974), a maximum likelihood estimation of a tree-wide or
globally constant rate of substitution (“clock-like” model); (2) non-parametric rate
smoothing (NPRS; Sanderson, 1997) which estimates rates and times via a least-squares
smoothing criterion that penalises rapid rate changes, where differences in the local
rates of substitution about a node (subtending and immediate descendant branches)
are minimised over the entire phylogeny; and (3) penalised likelihood (PL: Sanderson,
2002) which essentially uses a model in which every lineage has a separate rate that is
penalised accordingly as rates vary across a phylogeny — a “cross validation criterion” is
then used to identify an optimal level of rate smoothing. Because of the size of the data
set analysed, the cross validation procedure to find the optimal level of smoothing was
not performed; rather, smoothing values corresponding to a range of values from clocklike to one that departs significantly from clock-like rates of substitution (based on
estimates of extremes of rate variation observed in the data) were chosen. For all
analyses, three independent age estimates were performed on the data. For some
NPRS analyses, minimum-age constraints were imposed on specific nodes: the
papilionoid clade (PAPL), based on fossil flowers from early Eocene, 50 Ma (Crepet and
Herendeen, 1992); the Robinieae clade (ROBB, Lavin et al., 2001b), based on Robinialike woods from late Eocene to Early Oligocene, 35 Ma (Wheeler, 2001); the
Ormocarpum clade (ORMO, Lavin et al., 2001b) based on the Caribbean or GAARlandia
vicariance event, Late Eocene to Early Oligocene, 35 Ma (Rosen, 1985; Iturralde-Vinent
and MacPhee, 1999); and the Cladrastis-Styphnolobium clade (CLAD), based on fossils
from the Claiborne flora, 38 Ma (Herendeen, 1992); IRLC, based on Vicia- and
Astragalean-like fossils from the Florissant Formation of Colorado, Upper Oligocene,
29 Ma (MacGinitie, 1953). The results of these analyses are presented in Table 1.
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By assuming the origin (“root”) of the Leguminosae clade to be Late Paleocene, or
c. 60 Ma, all three methods of rates analysis (LF, NPRS, and PL) estimate the age of the
major legume lineages to be well into the Tertiary (c. 25–40 Ma), and many Late
Eocene to Oligocene, in agreement with the fossil record (Table 1). In unconstrained
analyses, all methods estimate the age of the papilionoids’ diversification to be older
than that of the clade comprising mimosoids and its closest caesalpinioid relatives (Fig.
2, clade “B”; Bruneau et al., 2001). Interestingly, the Millettieae, Phaseoleae and allies
and Hologalegina clades, which contain the largest diversifications of herbaceous
legumes in subtropical and temperature regions, as well as the Australian
Bossiaeeae+Mirbelieae clade, were consistently older than other large papilionoid
groups. Notably, the estimated ages of most nodes (with exception of caesalpinioids
B/mimosoids) based on the LF and NPRS methods are very similar, and close to the
range of estimates from the PL analyses. Furthermore, the addition of fossil-based
minimum age constraints on selected nodes (NPRS w/constraints, Table 1)
consistently estimated ages for all nodes older than those estimated by LF, NPRS, and
PL alone, even those nodes whose minimum ages were constrained (e.g., PAPL and
IRLC) in a NPRS analysis, suggesting that the estimates based on unconstrained
analyses were conservative, underestimating the ages of all major clades.

TABLE 1. Estimated divergence times (Ma) for selected clades of legumes based on
Langley-Fitch (LF), Non-parametric Rate Smoothing (NPRS) and Penalised
Likelihood (PL) analyses. Analyses performed on 150 taxon matK gene sequence data
set (M. Wojciechowski and M. Lavin, Montana State University, in preparation) using
‘r8s’ program (Sanderson, 1997, 2002) as described in text. All analyses performed
with age of Leguminosae (ROOT) set to 59.9 Ma. *Minimum-age constraints of
internal nodes, in Ma: PAPL = 50.0; ROBB = 35.0; ORMO = 35.0; IRLC = 29.0; CLAD
= 38.0; see text for description of specific clades and fossil-constrained nodes. **Range
of smoothing parameter. Note: node identified as “caesalpinioids B/mimosoids”
corresponds to clade “B” of Bruneau et al. (2001); Astragalean clade is defined in
Sanderson and Wojciechowski (1996); all other clades are described in text.
Node

caesalpinioids
B/mimosoids
Papilionoids
Core genistoids
Dalbergioids
Bossiaeeae-Mirbelieae
Millettieae, Phaseoleae,
& allies
Hologalegina
IRLC
Astragalean clade
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LF

NPRS

NPRS
w/constraints*

PL (1000-10)**

23.9
43.6
23.7
32.3
37.2

40.7
48.0
27.3
29.2
35.9

53.5
54.0
32.6
46.4
45.1

31.3 – 40.8
45.9 - 50.0
28.6 - 29.9
34.1 – 34.2
38.7 - 39.8

39.4
36.3
25.1
8.7

37.0
34.1
26.9
10.1

46.4
45.4
39.6
15.6

40.5 – 41.6
37.3 – 38.1
25.1 – 28.6
8.8 – 10.0

Phylogeny of Legumes
What do these estimated ages, based on rates of molecular evolution, for most of
the large clades within the family suggest about the diversification of legumes? First,
the two largest lineages, one comprising the majority of caesalpinioids and all
mimosoids, the other that includes all papilionoids, originated by the early Tertiary
and were diverse by mid Eocene (c. 35–40 Ma). Second, there was an early, rapid
diversification of the major papilionoid lineages in both tropical and temperate
regions, lineages that are now represented by the four large clades (and some minor
ones) that make up almost 50% of extant legume diversity (c. 8,000 spp.). Third,
most of the large temperate radiations, represented by the IRLC and genistoids clade,
began diversifying by the Late Oligocene. These results contrast with the long
standing view of legume diversification which suggested an early origin and long
period of diversification of the main woody groups in the tropics followed by a much
more recent radiation of temperate, herbaceous groups (Polhill, 1981a; Axelrod,
1992; Judd et al., 1994).

Summary
In the ten years since ILC-3 perhaps the most significant developments in legume
biology have been a tremendous increase in the amount of molecular data being
gathered and used for phylogeny reconstruction in the family, and the emergence of
the fields of comparative genomics and plant developmental mechanisms, using
genetic, genomic and cell biological approaches. As they have in other plant groups,
comparative molecular phylogenetic analyses, often coupled with non-molecular
characters and information from the fossil record, have matured into mainstream
methods in legume systematics studies, resolving some long-standing problems but also
producing a number of surprises. Indeed, all biological sciences, biomedicine and
bioinformatics, are relying increasingly on phylogenetic trees to provide a common
framework for comparative analyses, and the number of phylogenetic analyses is
increasing exponentially in response to this demand (e.g., Pagel, 1997). The years
immediately following ILC-3 saw the initial attempts at construction of phylogenetic
hypotheses for the family that combined morphological or molecular data with
methods of cladistic analysis. It seems evident that, like the tremendous progress seen
in the past five years on the phylogeny of the major groups of green plants (“Deep
Green” initiative, http://ucjeps.berkeley.edu/bryolab/ greenplantpage.html), and the
phylogeny of the grass family (Barker et al., 2001), the legume systematics community is
now poised to rigorously develop comparable and comprehensive ephylogenies for the
family based upon analyses of multiple data sets from a multitude of data sources. Such
explicit hypotheses will have an even more profound impact on many areas of legume
biology, including development and morphology, the origin and evolution of rhizobialand arbuscular mycorrhizal-legume symbioses, legume/animal interactions such as
pollination mechanisms, gene/genome evolution, as well as studies of evolutionary
diversification and phylogeography.
It is also abundantly clear that the key to continued progress in legume biology is
to focus on explicitly integrative studies — for example, in systematics there has been
considerable progress in combining molecular and morphological data with a
phylogenetic approach (e.g., Bruneau, 1996; Delgado-Salinas et al., 1999; Pennington
et al., 2000; Lavin et al., 2001a), while the combination of molecular phylogenies with
paleontological/geological evidence and biogeography is illuminating the
evolutionary histories of diverse legume groups (e.g., Lavin et al., 2000, 200lb;
Richardson et al., 2001). Increasingly, a number of structural morphologists and
developmental biologists (such as the participants at ILC-4) are viewing their work in
a phylogenetic context, and are beginning to see an outline of the evolution of plant
developmental programs, and the impact of genetic and metabolic regulatory
pathways on plant development and morphology (e.g., Bharathan et al., 1999; Reiser
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et al., 2000; Hofer et al., 2001; Möller and Cronk, 2001). Likewise, in studies of
legume-animal and legume-microbe interactions the powerful tools of molecular and
developmental biology combined with phylogenetic approaches are increasingly
being used to test specific evolutionary questions about nodulation (e.g., Doyle,
1998), or the origin, specificity, and dynamics of rhizobial symbioses (e.g.,
Wernegreen and Riley, 1999; Debellé et al., 2001; Loh et al., 2001; Moulin et al., 2001)
in both model systems and related wild species. The emergence of new model
legume molecular-genetic systems, such as Medicago truncatula (Cook, 1999) and Lotus
japonicus (Sato et al., 2002), and several, large-scale collaborative genomic
sequencing/mapping and proteomics projects, of both legume species (e.g., Medicago
truncatula, Bell et al., 2001; Journet et al., 2001; Glycine max, Shoemaker et al., 2002)
and their bacterial symbionts (e.g., Sinorhizobium meliloti, Galibert et al., 2001), are now
producing a wealth of new information and a set of new tools to address fundamental
questions pertaining to many areas of legume biology, such as the dynamics of coevolutionary relationships and the structure, function, and evolution of legume
genomes. In addition to cataloguing the number and diversity of genes and other
sequences, genome sequencing projects (including ESTs and physical/genetic map
databases) will provide some of the first detailed and complete data on gene families,
genomic organisation, and evolutionary changes in model systems, as well as new
sources of data to mine for phylogenetic inference. A glimpse into the current status
of the many legume genomics and bioinformatics initiatives and the power of
comparative approaches to the analysis of this rapidly expanding data was provided at
the First International Conference on Legume Genetics and Genomics, held in June
2002 in the USA. Phylogenetic biology will make an important contribution to these
efforts by providing the comparative framework to understand the functions of new
and novel genes and other sequences in both model and non-model species
(“phylogenomics”, Eisen, 1998), as well as illuminate the evolution of individual
genes as well as whole genomes within these organisms. Thus, one key to a greater
understanding of both the developmental-genetic biology and evolutionary history of
legumes is to be found in the kind of continued international collaborative work that
was exemplified by those gathered to attend the Fourth International Legume
Conference in Canberra, Australia.
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