American Journal of Botany 86(4): 590—607. 1999.

PHYLOGENETIC RELATIONSHIPS IN LUPINUS
(FABACEAE: PAPILIONOIDEAE) BASED ON
INTERNAL TRANSCRIBED SPACER SEQUENCES (ITS) OF
NUCLEAR RIBOSOMAL DNA1?

ABDEL-KADER AINOUCHE?Z AND RANDALL J. BAYERS

Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada T6G2E9

Internal transcribed spacer (ITS) sequences of nuclear ribosomal DNA from 44 taxa of the genus Lupinus and five outgroup
taxa were used for phylogenetic analysis. Lupinus appears as a strongly supported monophyletic genus, which is unambig-
uousdly part of the Genisteae. The lupines are distributed into five main clades in general accordance with their geographical
origin. In the Old World, ailmost all the recognized taxonomic units are well resolved. The ITS data reveal an unexpectedly
close relationship between the diverse sections Angustifoli and Lutei. The I TS results suggest a geographical division between
the western New World lupines and the eastern ones. They also indicate the presence of some moderately to strongly
supported groups of taxa, such as the Microcarpi—Pusilli group, the L. spariflorus—L. arizonicus group, the L. mexicanus—
L. elegans group in the western New World, and the notable L. multiflorus-L. paraguariensis group in the eastern New
World. The latter group strongly suggests that the eastern South American compound- and simple-leaved perennial lupines
derive from a common ancestor. However, apart from some exceptions, relationships within the genus still remain largely
unresolved based on ITS data. The lack of resolution at the base of the genus is suggestive of a rapid initial radiation of
the lupines subsequent to the dispersal of their common ancestor. Relative rate tests demonstrate the presence of rate
heterogeneity of ITS sequences within Lupinus. In many pairwise comparisons between taxa, substitution rate inequalities
are correlated with the habit (annual, perennial), suggesting some role for the generation time effects in the evolutionary

history of lupines.
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Lupinus L. (Fabaceae) is a large and diverse genus
comprising 200500 (Dunn and Gillett, 1966) annual and
perennial herbaceous species, aswell as afew soft-woody
shrubs and small trees (Dunn, 1984; Turner, 1995), which
occur in a wide range of ecogeographical conditions in
both the New and the Old World. Lupines are more di-
verse in the New World with over 90% of the speciesin
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the genus. They are mainly distributed in alpine, temper-
ate, and subtropical biomes of the western cordillera of
the New World, from Alaska to South Argentina and
Chile. They occur al along and on both sides of the
Rocky and Andean mountains, with some of the species
occurring particularly in the east-central part of South
America (Dunn, 1984; Planchuelo Ravelo, 1984). Only
12—13 species are native to the Mediterranean region and
Africa, with some populations extending to highlands of
East African tropical areas (Gladstones, 1974; Amaral
Franco and Pinto da Silva, 1978).

During the past several decades, much has been ac-
complished to improve the taxonomy and systematics of
lupines. Thisis particularly true in the Old World because
of the limited number of species and the growing eco-
nomical interest in them as nitrogen and protein suppliers
(Gladstones, 1974, 1980). Old World lupines are all an-
nual, herbaceous, and predominantly autogamous. Their
fruits and seeds are generaly large, and their leaves are
always digitate. Two distinct groups are recognized pri-
marily on the basis of the seed coat texture: the smooth-
seeded and the rough-seeded species (Gladstones, 1974;
Heyn and Herrnstadt, 1977). The smooth-seeded group
comprises five species usually treated as members of four
sections, Albi, Micranthi, Angustifoli, and Lutei (Glad-
stones, 1984). These taxa are distributed around the M ed-
iterranean and exhibit variable chromosome numbers
ranging from 2n = 40 to 52. Spontaneous autopolyploids
are known from L. albus (2n = 100) and L. luteus (2n
104) (Kazimierski, 1984). The rough-seeded group
contains six or seven species characterized by their great
overall morphological resemblance and their typical sca-
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brous-tuberculate testa, which is unique in the genus.
This group is generally typified by L. pilosus Murr. and
often designated at the sectional rank (Gladstones, 1984;
Plitmann and Heyn, 1984). The rough-seeded species are
mainly distributed in North Africa and in the Eastern part
of the Mediterranean region. They are ecogeographically
isolated from one another and display chromosome num-
bers ranging from 2n = 32 to 42 (Plitmann and Pazy,
1984; Carstairs, Buirchell, and Cowling, 1992). Numer-
ous isolated populations in North Africa are morphotax-
onomically poorly known and several Mediterranean ar-
eas still need to be better investigated (Swiecicki, 1988;
Clements, Buirchell, and Cowling, 1996). Thus, it is pos-
sible that new undiscovered lupin forms and/or species
exist in these areas (Clements, Buirchell, and Cowling,
1996; Swiecicki, Swiecicki, and Wolko, 1996).

In the New World, Lupinus is notorious for being a
very complex and difficult genus. Taxonomic confusion
exists in the literature, where numerous taxa or groups
are distinguished based on only a few minor and incon-
sistent morphological characters. Over 1700 names have
been proposed for Lupinus (Dunn, 1984). Approximately
200 species clustered in 18 groups were suggested by
Smith (1944) for North America. Taking into account
new evidence from various approaches, it became clear
to modern authors that the complexity of this genus re-
sulted from its high morphological, breeding system, and
ecogeographical diversity and the lack of clear diagnostic
features to separate species (Dunn and Gillett, 1966;
Dunn and Harmon, 1977; Dunn, 1984; Planchuelo Rav-
elo, 1984; and references therein). In recent floristic ac-
counts, the New World lupines are treated as broadly de-
fined polymorphic species (Welsh et al., 1987; Barneby,
1989; Riggins and Sholars, 1993). Although the New
World lupines in general, particularly in Central and
South America, still need to be investigated more exten-
sively, a satisfactory number of groups and complexes
are already recognized and others are still roughly cir-
cumscribed but represent a good basis for further modern
analyses (Dunn, 1984; Planchuelo Ravelo, 1984; Broich
and Morrison, 1995). One of the most remarkable groups
of lupines in the New World is composed of ~22 peren-
nial species with simple or unifoliolate leaves (e.g., L.
crotalarioides Benth.), previously referred to the ““ Foliis
integris’ (Agardh, 1835) or ‘““Smplicifolieae’” group
(Bentham, 1859), which occur mainly in the subtropiceal
highlands of the east-central region of South America
(Planchuelo and Dunn, 1984; Monteiro and Gibbs, 1986);
four other representatives of this group are also found in
the southeastern United States (Dunn, 1971). Other an-
nual (e.g., L. bracteolaris) and perennia (e.g., L. multi-
florus) compound-leaved lupines also grow in eastern
South America, (Planchuelo Ravelo, 1984; Planchuelo
and Dunn, 1984). In this region, some perennia taxarep-
resent an intermediate condition and display a combina-
tion of both simple and compound leaves (e.g., L. para-
guariensis); these taxa are usually regarded as close rel-
atives of the unifoliolate or simple-leaved lupines (Plan-
chuelo and Dunn, 1984; Monteiro and Gibbs, 1986). All
of the remaining species from the two main New World
lupine centers of diversity, the Andean region and the
North and Central American regions, have digitate leaves.
Most of the New World species cytologically investigated
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display a common chromosome number of 2n = 48 (Phil-
lips, 1957; Dunn and Gillett, 1966), with some occasional
individuals having 2n = 96 (Phillips, 1957), except for
L. texensis and L. subcarnosus Hook., which have 2n =
36 (Turner, 1957). Apart from L. mutabilis, which also
has 2n = 48, to our knowledge there are no available
chromosome counts on the South American lupines. The
base chromosome number suggested for the New World
species is x = 6 and consequently the New World Lu-
pines are regarded as a paleopolyploid series that behave
as diploids (Dunn, 1984). This was also inferred from the
disomic behavior of polyploid individuals in isozyme
profiles (Wolko and Weeden, 1989).

In spite of their high diversity, the lupines have always
been regarded as a natural and distinct group (Bentham,
1865; Polhill, 1976). However, no infrageneric classifi-
cation of the lupines is presently available, and there is
a great need to provide a clear overview of the whole
genus. According to the most recent systematic review,
Lupinus L. is included in the monotypic subtribe Lupi-
ninae (Hutch.) of the tribe Genisteae (Adanson) Bentham
(Bisby, 1981). Nevertheless, its tribal position has often
been disputed (Monteiro, 1986; Saint-Martin, 1986; Badr,
Martin, and Jensen, 1994). Hence, the origin of Lupinus
is also under debate and four different centers of origin
have been proposed for the genus. Mediterranean-African
region, North America, South America, and East Asia
(summarized by Cristofolini, 1989).

Recent development and use of molecular data have
increased significantly the understanding of plant system-
atics at various taxonomic levels (Soltis and Soltis, 1995).
The chloroplast genome, in particular, has been exten-
sively surveyed to reconstruct plant phylogeny (Chase et
al., 1993; Olmstead and Palmer, 1994). Studies on both
structural characters and nucleotide sequence variation in
the chloroplast genome have provided very useful infor-
mation in legume systematics (Doyle, 1995; Kass and
Wink, 1995, 1996, 1997a; Liston, 1995; Sanderson and
Liston, 1995; Doyle et al., 1997). Recent studies using
chloroplast DNA data, obtained from both sequencing of
the rbcL gene (Kass and Wink, 1994, 1997b) or restric-
tion site mapping (Badr, Martin, and Jensen, 1994), sup-
ported a common phylogenetic origin for Old World and
New World lupines but did not provide enough phylo-
genetic resolution within the genus.

Among the nuclear markers recently available, the in-
ternal transcribed spacers (ITS) of the ribosomal DNA
repeats (Jorgensen and Cluster, 1988; Hamby and Zim-
mer, 1992), ITS1 and ITS2 regions, have been used suc-
cessfully in recent phylogenetic studies at lower taxo-
nomic levelsin many angiosperms (Baldwin, 1992; Bald-
win et al., 1995), including: Astragalus (\Wojciechowski
et a., 1993; Sanderson and Wojciechowski, 1996); Den-
droseris (Sang et al., 1994); Peonia (Sang, Crawford, and
Stuessy, 1995); Antennaria (Bayer, Soltis, and Soltis,
1996); Gentianinae (Yuan and Kupfer, 1995); Gentiana
(Yuan, Kupfer, and Doyle, 1996); Echium (Bohle, Hilger,
and Martin, 1996); Slene (Desfeux and Lejeune, 1996);
Kalmia, Leiophyllum, and Loiseleuria (Kron and King,
1996); Sarraceniaceae (Bayer, Hufford, and Soltis, 1996);
and Bromus (Ainouche and Bayer, 1997). Preliminary re-
sults presented at the Eighth International Lupin Confer-
ence (Ainouche and Bayer, in press), paralleling those of
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the independent study of Kass and Wink (1997b), re-
vealed arelatively larger amount of variation in Lupinus
ITS sequences comparatively to that exhibited by the
cpDNA (Kass and Wink, 1994, 1997b).

The primary goal of this study was to eval uate whether
ITS sequence variation may provide vauable data for
elucidating taxonomic and phylogenetic relationships
within Lupinus, using a simultaneous cladistic analysis of
a large number of taxa to cover as well as possible the
diversity of this complex genus. This study includes a
more extensive taxon sampling (44 taxa) than did the
previous molecular analyses on Lupinus (Badr, Martin,
and Jensen, 1994; Kass and Wink, 1994, 1997b; Ainou-
che and Bayer, in press). More precisely the objectives
were: (1) to ascertain the monophyly of the genus and its
position relative to the tribe Genisteag; (2) to estimate the
phylogenetic relationships between and within both the
Old World and New World members; (3) to compare the
ITS results with the data and hypotheses provided in ear-
lier systematics studies on Lupinus. Also examined is the
variance of ITS sequence divergence rates among both
the annual and perennial taxa.

MATERIALS AND METHODS

Plant material—Forty-four samples belonging to 41 species origi-
nating from the main geographic distribution areas of the genus Lupinus
were used in this study. All of the Old World lupines (Gladstones,
1984), except L. princei from tropical East Africa, are represented in
our sampling. Most of the remainder of the species come from North
and Central America. These were selected to represent a broad range
of the morphological, biological, and ecogeographical diversity present
in these regions, based on the major groups and complexes reported by
Dunn (1984). Few samples were available from South America, despite
numerous attempts to obtain them. Only two annual species occurring
in the Western part of South America (Andean regions) were obtained:
L. mutabilis and L. microcarpus. Fortunately, despite the small number
of samples (three) available, the major groups of lupines recognized in
the east-central part of South America (Dunn, 1984; Planchuelo Ravelo,
1984; Planchuelo and Dunn, 1984; Monteiro and Gibbs, 1986) are rel-
atively well represented in our sampling: L. bracteolaris (annual and
compound leaved); L. multiflorus (perennial and compound leaved); and
L. paraguariensis (perennial with combined simple and compound
leaves).

Based on previous systematic studies (Bishby, 1981; Polhill, 1981) and
on recent cpDNA data from Papilionoideae including Genisteae and
Lupinus (Badr, Martin, and Jensen, 1994; Kass and Wink, 1995), five
additional taxa were sequenced to represent the outgroup in this study
including: Chamaecytisus mollis, Genista tinctoria, and Ulex parviflo-
rus, which are members of the subtribe Genistinae (Genisteae); Crota-
laria podocarpa (Crotaarieae), and Thermopsis rhombifolia (Thermop-
sideae), which belong to two more distant clades from the Genisteae in
the rbcL phylogeny of the Papilionoideae (Kass and Wink, 1995).

Most of the Old World lupine samples come from personal collec-
tions of natural populations from Algeria (North Africa). The other taxa
were kindly provided by seed banks, Institutes of Agronomy, and bo-
tanical gardens, except for five New World taxa obtained directly from
herbarium samples at ALTA. The ingroup and outgroup taxa here used
are listed in Table 1 along with their place of origin and/or sources. All
seed samples were grown and cultivated in the phytotron at the Uni-
versity of Alberta.

DNA isolation and PCR amplification of the I TS region—The pro-
cedure followed is that previously described in Ainouche and Bayer
(1997). Total DNA was isolated from a single individual for each sam-
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ple using a modified CTAB method (Doyle and Doyle, 1987), with 1%
B-mercaptoethanol (instead of 0.2%). The entire ITS region, comprising
ITS1, 5.8S gene, and I1TS2, was amplified via the polymerase chain
reaction (PCR) using external “‘ITS1” and “ITS4” primers designed
by White et al. (1990) and Taq DNA polymerase. The PCR mixtures
were preheated to 94°C for 2 min prior to the addition of Tag DNA
polymerase to denature proteases and nucleases. The PCR amplification
was then performed via 30 cycles of 1 min of denaturation at 94°C, 1
min at 48°C for primer annealing, and 2 min of extension at 72°C for
each cycle. A 7-min final extension at 72°C followed cycle 30. The
double-stranded PCR products were purified by differential filtration
using Millipore Ultra-free-MC tubes (30000 NMWL filters) prior to

sequencing.

DNA sequencing—The purified double-stranded DNA was directly
sequenced by dideoxy chain termination and cycle sequencing (Sanger,
Nicklen, and Coulson, 1977), using the fmol DNA Sequencing System
of Promega (Madison, Wisconsin) with $?P-labeled primers and follow-
ing the protocol of the manufacturer. The internal *“ITS2" and *“ITS3”
primers (from White et al., 1990) were used to sequence separately the
ITS1 and ITS2 regions, respectively. For most of the taxa, the external
“ITSL” and “1TSA” primers were also used to sequence the I TSregions
and the 5.8S region. After 2 min at 95°C, the sequencing mixtures were
subjected to 30 cycles of 1 min at 95°C, 1 min at 58°C and 1 min at
72°C each one, followed by a last cycle of 3 min at 94°C. The DNA
fragments obtained were separated in 6.0% acrylamide- 8 mol/L urea
gels (0.4 mm thickness, 1X TBE buffer) at high voltage. The gels were
fixed in 10% acetic acid for 20 min, washed with distilled water, and
air dried. They were then used to expose Kodak Biomax-MR films.

Sequence alignment and analysis—The ITS region boundaries were
determined by comparison with various published sequences available
in GenBank. The DNA sequences were entered and aligned manually
using MacClade 3.0 (Maddison and Maddison, 1992). The alignment
was straightforward among the lupine taxa and required the introduction
of afew small and unambiguous insertion/del etion events (indels), five
of 1 bp and two of 2 bp. The inclusion of the outgroup taxa in the data
matrix with Lupinus necessitated inference of relatively few additional
indels to adjust the overall alignment in both ITSL and ITS2 regions:
five of 1 bp, three of 2 bp, and two of 4 bp.

Sequence length and base composition were calculated using Amplify
1.2 (Engels, 1993). The number of variable characters (potentialy in-
formative and autapomorphous characters) and the proportions of nu-
cleotide differences (pairwise sequence divergence) among the taxa
were determined for the ITS regions (ITS1, ITS2, and the combined
ITS1 + ITS2 regions) employing the options *‘ show data matrix’’ and
“show distance matrix”’ of PAUP 3.1.1 (Swofford, 1993). The 5.8S
cistron was also sequenced in all the outgroup taxa and some Lupinus
species. All the sequences reported here have been deposited in the
GenBank database under the accession numbers given in Table 1.

Phylogenetic analysis—Sequence data were analyzed using PAUP
3.1.1 (Swofford, 1993). The analyses were performed on areduced data
set where the groups of taxa exhibiting the same ITS sequence were
each represented by no more than two taxa to show the exact number
of synapomorphies supporting each of these groups. The others were
later added in the resulting trees. Only the extratribal taxa (outside of
the tribe Genisteae) Thermopsis rhombifolia and Crotalaria podocarpa
were used as outgroups in the analyses. The extrasubtribal taxa (outside
of the Lupininae), Ulex parviflorus, Genista tinctoria, and Chamaecy-
tisus mollis, were treated as ingroup taxa in order to examine their
position relative to Lupinus. Additionally, the outgroup was rooted ‘‘ at
an internal node with basal polytomy” to assess the monophyly of Lu-
pinus relative to all the extra-lupine taxa prior to rooting the phyloge-
netic trees using the option ‘‘make ingroup monophyletic and the out-
group paraphyletic with respect to the ingroup.” Phylogenetically un-
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informative characters (invariant and strictly autapomorphic sites) were
excluded from al analyses.

Given the number of taxa included in this study, the maximum par-
simony analyses were performed by heuristic searches using Fitch par-
simony. Characters and character states were weighted equally. The
*‘ Tree-Bisection-Reconnection”” (TBR) branch swapping option in con-
junction with saving all minimal trees (MULPARS) and accelerated
transformation (ACCTRAN) were used to search for the shortest to-
pologies. Branches of zero length were collapsed. Three different re-
gimes of stepwise addition sequences were employed: SIMPLE, CLOS-
EST, and RANDOM (100 replicates). The last strategy (RANDOM) was
conducted to search for all possible undiscovered islands of most par-
simonious trees (Maddison, 1991). These methods were performed on
three different versions of the data sets in order to explore different
treatments of gaps: (search 1) positions containing gaps were excluded;
(search 2) indels were coded following the strategy suggested by Barriel
(1994) to express the potential phylogenetic information contained in
insertion/deletion zones; this required the conversion of indels (28 nu-
cleotide sites) into 25 multistate characters in the data matrix; (search
3) gaps were treated as missing data and any phylogenetically infor-
mative base substitutions at the locus were included in the analysis.

For each analysis, the strict consensus and 50% majority-rule con-
sensus trees showing other compatible groups were generated (Margush
and McMorris, 1981). Bootstrap (Felsenstein, 1985) and decay (Bremer,
1988; Donoghue et a., 1992) methods were used in order to examine
the robustness of the various clades revealed in the consensus tree
clades. Bootstrap values (B.V.) were estimated from 100 replicates of
heuristic searches using only SIMPLE addition sequence with TBR
swapping, MULPARS, and ACCTRAN options in effect. Decay anal-
yses were performed using a converse constraint (ENFORCE CON-
VERSE command) method described in Baum, Systma, and Hoch
(1994). In this procedure, multiple heuristic TBR searches using a ran-
dom addition sequence of 100 replicates (MULPARS not in effect) were
constrained to assess the strength of each clade (Decay index value =
D.l.).

The relative rate test (Sarich and Wilson, 1973) was used to examine
the apparent heterogeneity of the ITS sequence divergence rates in Lu-
pinus, i.e, to test whether the rates of nucleotide substitutions are the
same in two different taxa or lineages. Given the polytomy obtained at
the base of the genus (Fig. 1), Chamaecytisus mollis, the closest out-
group to Lupinus, was used as the reference taxon in substitution rate
comparisons between taxa. Sequence divergences for the tests were cal-
culated only from substitutions using the method of Jukes and Cantor
(1969), and relative rate test values were estimated following the pro-
cedure of Wu and Li (1985) and Li and Tanimura (1987).

RESULTS

Characteristics of the ITS region in Lupinus—The
main characteristics of the ITS region in Lupinus and
outgroup taxa are summarized in Table 2 (distance matrix
not shown). Length variation for the entire ITS region
(including 5.8S cistron) ranged from 624 to 629 bp. The
length of the combined ITS1 and ITS2 region in the lu-
pine taxa surveyed ranged from 461 to 466 bp and the
G + C content varied from 58.9 to 62.1%. The ITS1
region (234—238 bp) was dlightly longer than ITS2 (227—
229 bp). Of the 481 aligned positions, 28 sites involved
gaps: 18 (or 7.3%) in ITSL and ten (or 4.2%) in ITS2.
Forty-five sites (from 100 variables sites) were potentially
informative in ITS1, while 41 were recorded (from 85
variables sites) in ITS2. Within Lupinus, 25 and 17 sites
were potentially informative in ITS1 and ITS2, respec-
tively. The proportion of nucleotide differences between
pairs of species of Lupinus for ITS1 + ITS2 ranged from
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0 to 6.5%. In fact, several samples surveyed in this work
were found to have the same ITS sequence (see Fig. 1).
With respect to ITS1, the pairwise sequence divergence
varied from 0 to 8.1% in Lupinus; it ranged from O to
57% in ITS2. The ITS divergence values (including both
ITS1 and ITS2) from pairwise comparisons between Lu-
pinus species and the extra-lupine taxa are: 6.5-11.3%
relative to the Genistinae, 12.9-14.8% relative to Cro-
talaria, and 14.5-16.3% relative to Thermopsis.

The 5.8S cistron was also sequenced in 30 taxa: 25
from Lupinus and five from the outgroup (Table 1). The
5.8S sequence was identical in size (163 bp) for all these
taxa and no gaps were involved to align the sequences.
Compared to the ITS regions, the G + C content was
lower in the 5.8S gene (53.2%). Among the seven vari-
able nucleotide sites detected in the 5.8S cistron within
Lupinus, four were synapomorphic sites, and sequence
divergence between pairs of species ranged from O to
3.1%. The proportion of nucleotide differences between
pairs of speciesincreased to 4.3% when the outgroup taxa
were taken into account.

Phylogenetic analysis—Only the potentially informa-
tive characters from the ITS1 and I TS2 regions were used
in the analyses, since the 5.8S sequence data were not
available for al the taxa surveyed; the four informative
sites found in that region only reinforced the monophyly
of two clades already well supported based upon ITS data
alone (see Fig. 2). When indels were removed (search 1),
the phylogenetic analysis generated 1512 equally most
parsimonious trees of 180 steps with a consistency index
(CI) of 0.639 and a retention index (RI) of 0.758. Search
2, where gaps were converted into new multistate char-
acters, resulted in 8514 most parsimonious trees of 218
steps with Cl = 0.633 and Rl = 0.751, while 13662 trees
(205 steps; Cl = 0.634; Rl = 0.742) were obtained with
gaps scored as missing data (search 3). A consensus tree
of the same topology emerged from the three heuristic
searches performed under different gap treatments and
regimes of stepwise addition sequences (Fig. 1). The 50%
majority-rule consensus trees resulting from these search-
es were very similar in their overall topology. They dif-
fered dlightly from one another in the support of some
clades, particularly in search 2 when gaps were coded
(see below and Fig. 2). Some western New World lupines
(Fig. 2, clade E), including L. concinnus, L. arcticus, and
L. lepidus, varied in their relative, but poorly resolved,
position (not shown). One of the shortest trees with a
topology identical to that of the majority-rule tree (search
3) is shown (Fig. 2). The phylogenetic trees (Figs. 1, 2)
supported the monophyly of the Genisteae (12 synapo-
morphies (SYN); D.l. = 8; B.V. = 97%), including Lu-
pinus, and their sister relationship to Crotalaria (SYN =
9). According to Hillisand Bull (1993), the branches hav-
ing ~70% or more of bootstrap value are well supported.
Thermopsis is placed as sister to the Crotalaria—Geni-
steae clade, whereas Lupinus appears as a well-supported
monophyletic group (SYN = 15; D.I. = 10; B.V. =
100%) that is clearly separated from the Genistinae (Ulex,
Genista, and Chamaecytisus). Within the Genisteae, Lu-
pinus appears more closely related to the Genista—Cha-
maecytisus group than to Ulex.

At the intrageneric level, the parsimony analyses re-
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gl¥ & ggg © é?g g sulted in alargely unresolved polytomy at the base of the
= E E N E ¥ X z%x = genus. Nevertheless, the lupine taxa are always resolved
18 8 888 8|~ gEyx I into five distinct clades in the strict consensus trees (Fig.
22 £ 2% 2| 832 % 1). The Old World lupines are distributed into three dif-
|12 2 222 Z2|T ®S§F 2 ferent groups. The rough-seeded species are al members
£lg 9O 90dd @)% -9 X o of the same strongly supported monophyletic group
g[-|© @ 000 o E o5 g IS (clade C; SYN = 10; D.l. = 8; B.V. = 100%). This group
5 < 28% o is supported by one additional synapomorphy (added in
5 g 530 £ Fig. 2) and a decay value of 9 when indels are taken into
% & § I% © account. Three small subclades appear within this group
o 2 <35 E in the strict consensus tree: L. pilosus and L. palaestinus,
2 ~ © 9( i~ which exhibit the same ITS sequence and form a mod-
8 <2 52 5 erately supported subgroup (SYN = 2; D.I. = 2, B.V. =
< 9§ -% g T 85%); L. atlanticus and L. digitatus, which are related by
g 8cz25 ¢ only one synapomorphy (D.I. = 1; B.V. = 58%) and
E §§ o2y 2 differ by two nucleotide changes; and L. cosentinii. The
<082 EE g smooth-seeded species are separated into two clades: one
u BE.sZz E (clade B) is relatively well resolved (SYN = 3; D.I. =
- P = 5 -% 2; B.V. = 73%) and contains four taxa, which are mor-
9% B E= 5 phologically and cytologically well differentiated: L. an-
2:',3% g 2 gustifolius, L. angustifolius subsp. reticulatus, L. luteus,
z8 s gﬁ £ and L. hispanicus. The first two are sister group to the
g %.?g% 5 latter two. Clade D has less support (SYN = 1; D.I. =
3 T8EsS o 1; B.V. = 49%) and is composed of L. albus, L. albus
5 £ozg8 g var. graecus, and L. micranthus.
s N QS < 5’5 o 3 The New World taxa form two clades, A and E (Fig.
% P % %‘ﬂ « B §§§ %-g g 1). Clade A is strictly composed of lupines originating
<R E %%g g -,;%’E 85 & from east-central parts of South America (i.e., L. brac-
§ S ¢ oLeg ¢ ; 58 = g = teolaris, and the sister taxa L. paraguariensisand L. mul
& O > v@ BTS 8 tiflorus), and from southeastern United States (L. texen-
@ g 449 @ Q2" 27 i sis). Six synapomorphies, a decay value of 4, and a boot-
) 28 g S8 o strap confidence of 87% support this clade. The remain-
238 |8 29 o g%:z'ﬁ k] ing 28 New World taxa are in clade E (Fig. 2: SYN =
28| © Iz a|zs® %Zg > 2; D.I. = 1, B.V. = 33), and they all originate in the
25 ZE, S 2 4 western parts of the Americas. These taxa all also share
<o 5 rf 2 asingle basn_:_Lpalr insertion in the ITS1 region (_added in
5 8 Eg 88> Fig. 2) providing additional support to clade E in search
2| ¢ £E550c 8 2 (SYN = 3; D.I. = 2). Within this clade, only three
-g‘_ z <0<> ; g ) monophyletic subgroups with moderate to strong support
T z zz=z 32 @SE g5 may be distinguished. One is composed of the sister taxa
z O 00z 0O|3%E2% 8% L. arizonicus and L. sparsiflorus (SYN = 3; D.I. = 2;
c®EEZ § o B.V. = 77%); the relative position of these two taxa as
% g ?i) S SIs sister group to the rest of the western New World species
£o028. > is weakly supported. Another subgroup contains L. mex-
< g <085 . - .
2 & & =34 L=EW icanus and L. elegans, which are united by two synapo-
13 2 8 g %?gf_‘ég morphies (D.l. = 2; B.V. = 66%) and differ from one
§ % Bl=o 2§ <83 another by two autapomorphic changes (shown in Fig.
Fooo oo IIZE FgeQ 2). The third and most strongly supported clade (SYN =
9@*%5'% 9; D.I. = 9; B.V. = 100%; Fig. 2) is composed of five
% S%g ‘35 Z o annual taxa, including L. microcarpus,with identical ITS
—_ =55882%8 sequences. This subgroup is in fact more strongly sup-
- £ g-ﬁ; § 5O qég ported by three additional phylogenetically informative
g O Z e SN S characters if we consider one synapomorphic single basg
€ o s 8|5 % 5HI0 B pair insertion in the ITS1 region and two synapomorphic
; 2 o g8 2 g 3|328= c"ﬁ g mutations in the 5.8S cistron (indicated in Fig. 2). Se-
g ge §§‘e’ B§ B IRETER quence divergence among the remaining western New
= . 2885E52|S-82£E%3 g_g World taxa are generally low, resulting in a lack of res-
§ Elo % g % ?,E o ;g 2 S <<d g ¢} olution of phylogenetic relationships and no support f(_)r
. 2 E§§'%E Ssg|8slZaRls the subclades observed in Fig. 2, several of which contain
" § 3 % 357 gﬁ s|g1 528 3¢ taxa with identical 1TS sequences (groups 1 to 4). Nev-
3 5 %”605%,&“5 ﬁ?f‘f;%z g2 E ertheless, it may be pointed out that L. hirsutissimus is
= o <%x U always positioned as sister to the L. microcarpus group
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Fig. 1. The strict consensus tree of 36 species of Lupinus and five extra-lupine taxa based on the combined sequence data of ITS1 and ITS2.
This topology emerged from all the heuristic searches performed under different gap treatments (indel events removed, coded as new multistate
characters, or coded as missing) and regimes of stepwise addition sequences (SIMPLE, CLOSEST, and 100 replicates RANDOM). The dashed
branches represent taxa that were not taken into account in the phylogenetic analyses and later mapped on the cladogram. The dashed boxes contain

the taxa that have identical ITS sequences. In the western New World lupine clade, the taxa originating from Central or South America are
distinguished from the North American ones by double brackets.

in the strict consensus trees (searches 1 to 3), and that L.

concinnus is a strongly differentiated species.

ITS sequence variation and rate heterogeneity—Se-

quence divergence comparison among the main clades
shows that the eastern New World lupine clade (A) has
the highest average sequence divergence level of ITS
(12.17% to the outgroup; 4.44-5.56% to lupin clades)
and that the western New World clade (E) displays the
lowest values (10.96% to the outgroup; 3.08—-4.44% to
lupin clades). The Old World clades exhibit intermediate

values. The average sequence divergence is higher within
the eastern New World clade (3.45%) than within the
western New World one (1.34%), and higher than within
any of the other clades. However, comparisons among
only annual taxa or only perennial ones show unequal
patterns of sequence divergence within each New World
clade (Table 3; Fig. 2): 3.44% for annuals and 2.58% for
perennials (aratio of 1.33 to 1) in the eastern New World
clade (A), and 2.3 and 0.44% (aratio of 5.23 to 1), re-
spectively, in the western New World one (E). Sequence
divergence also varies within the Old World clades, ex-
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TaBLE 2. Characteristics and variation of the ITS nrDNA region in Lupinus.

nrDNA region
Taxalsequence characteristics ITS1 ITS2 ITS1+1TS2 5.8S

Within Lupinus

Length range (bp) 234-238 227-229 461-466 163

% of G + C content (mean) 60.68 60.49 60.59 53.24

Invariant characters 191 198 389 156

Variable characters 55 37 92 7

Potentially informative characters 25 17 42 4
Proportion (%) of nucleotide differences between

pairs of species

within Lupinus 0-8.05 0-5.7 0-6.5 0-3.1

between Lupinus and outgroups 5.5-16.3 6.5-18 6.5-16.3 0.6-4.3

between Lupinus and Genistinae 55-12.1 6.5-10.9 6.5-11.3 0.6-3.1

between Lupinus and Crotalaria 12.4-15.9 12.5-15.1 12.9-14.8 2537

between Lupinus and Thermopsis 12.8-16.3 15.4-18.0 14.5-16.3 2537

clusively comprised of annual taxa: 0.56% within the
rough-seeded lupin clade (C), 1.86 and 3.30% within the
smooth-seeded lupin clades B and D, respectively.

Pairwise comparison of the ITS nucleotide substitution
rates using the relative rate test involved a representative
subset of 17 annual and perennia lupin taxa (Table 4).
Among the 136 tests performed, significant differences
(at the 5 and 1% levels) were found in 28 pairwise com-
parisons indicating the presence of unequal evolutionary
rates of ITS regions in Lupinus. No significant rate dif-
ferences were observed between annual and perennial
taxa in the eastern New World clade (A). In contrast, in
the western New World clade, the highly homogeneous
(in ITS substitution rate) perennial species showed sig-
nificantly slower rates in comparison to several annual
taxa (L. microcarpus species group, L. concinnus).
Among the annual Old World taxa, the rate differences
in general were not significant (eight of ten comparisons).
However, the ITS sequences appear to have evolved sig-
nificantly faster in L. micranthus than in L. albus (with
a significance close to the 1% level) or L. angustifolius
(at alevel of 5%).

DISCUSSION

Outgroup relationships of Lupinus—The phylogenet-
ic relationship of the genus Lupinus relative to the out-
group taxa is well resolved using ITS sequences. Its re-
lationship to the Genisteae has often been discussed
(Hutchinson, 1964; Plitmann, 1981; Polhill, 1981; Dunn,
1984; Saint-Martin, 1986; Badr, Martin, and Jensen,
1994). Relative to the extra-lupine taxa used in this study,
the genus Lupinus is a well-supported monophyletic
group that is unambiguously part of the Genisteae. Cro-
talaria is placed as sister to the Genisteae, while Ther-
mopsis is more distantly related to Lupinus and sister to
the Crotalaria—Genisteae group; this was confirmed when
other more distant outgroups were introduced in the anal -
yses, such as Sophora arizonica S. Wats., Caragana ar-
borescens Lam., and Vicia americana Muhl. ex. Willd.
(results not shown). Thus, ITS sequence data strongly
support the views of Polhill (1976) and Bisby (1981),
which include Lupinus in the tribe Genisteae (Adanson)
Bentham, but as a distinct lineage (subtribe Lupininae
(Hutch.) Bisby) from the Genistinae (** Cytisus—-Genista

complex’). These results are highly congruent with the
pattern of relationships indicated by both the serological
data (Cristofolini and Feoli Chiapella, 1977; Cristofolini,
1989) and the recent molecular-based phylogenies of the
Papilionoideae, including Lupinus (Doyle, 1995; Kass
and Wink, 1995, 19973, b; Doyle et al., 1997). Structural
characteristics of the chloroplast genome and nucleotide
sequence data from both rbcL and the ITS-nrDNA re-
gions are incompatible with the hypothesis of an inde-
pendent origin of Lupinus from the rest of the Genisteae
(Plitmann, 1981; Plitmann and Pazy, 1984; Badr, Martin,
and Jensen, 1994). Moreover, the ITS results do not re-
vea a closer relationship of Lupinus to Crotalaria than
to Genisteae, as previousy suggested by Dunn (1984)
and Gross (1986).

Phylogenetic relationships within Lupinus—The ITS
sequence data were useful to resolve some relationships
at lower taxonomic levels within the genus. The lupines
investigated are distributed into five main clades, each of
them strictly belonging exclusively to either the Old or
New World (Figs. 1, 2).

Old World lupines—The rough-seeded lupines repre-
sent the most strongly supported clade in the Old World
based on ITS sequences (clade C; Figs. 1, 2). The re-
markable morphological homogeneity of this group was
already demonstrated with respect to various sources of
data: seed coat texture (Heyn and Herrnstadt, 1977); al-
kaloids (Nowacki, 1963; Wink, Meibner, and Witte,
1995; Ainouche et al., 1996); flavonoids (Williams, De-
missie, and Harborne, 1983); seed storage proteins (Przy-
bylska and Zimniak-Przybylska, 1995); protein serology
(Cristofalini, 1989); and isozymes (Wolko and Weeden,
1990a). The proposition to recognize the rough-seeded
species as a separate section Scabrispermae Plitm. &
Heyn (Plitmann and Heyn, 1984) is strongly reinforced
by our nrDNA evidence and that of Kass and Wink
(1997b).

Although they are differentiated by only a few nucle-
otide differences, the small subclades appearing within
the rough-seeded group are consistent with the available
geographical, cytological, and crossability data. Indeed,
L. pilosus (2n = 42) and L. palaestinus (2n = 42), which
exhibit the same ITS sequence, are able to artificialy
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Fig. 2. One of the 13662 equally parsimonious trees that is topologically identical to the 50% majority-rule consensus tree of 41 lupine and
extra-lupine taxa, based on phylogenetic analysis of I TS sequence data (heuristic search, SIMPLE, gaps = missing, uninformative charactersignored;
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TaBLE 3. Average percentage sequence divergence of ITS among and within the main Lupinus clades (A—E) appearing in the ITS phylogeny (Figs.
1, 2). n = number of taxa in each clade; @ = annual taxa only; P = perennial taxa only.

Outgroup A B C D E A AP E EP
Outgroup (n = 5) 13.95
A (n=4) 12.17 3.45
B (n = 4) 11.34 4.79 1.87
C(n=05) 11.89 554 4.19 0.57
D(n=2 11.06 4.67 3.61 4.23 3.30
E (=27 10.96 4.40 2.88 3.75 3.15 134
Az (n=2) — — — — — — 3.44
AP (n=2) — — — — — — — 2.58
E2 (n = 12) — — — — — — — — 2.30
Er (n = 16) — — — — — — — — — 0.44

cross with success, despite the existence in nature of re-
productive barriers, which justify their treatment as dis-
tinct species (Kazimierski, 1961; Gladstones, 1974; Plit-
mann, Heyn, and Pazy, 1980; Pazy, Plitmann, and Heyn,
1981). These eastern Mediterranean species, L. pilosus
and L. palaestinus, were shown to be reproductively iso-
lated from the other rough-seeded species (Roy and Glad-
stones, 1988; Carstairs, Buirchell, and Cowling, 1992),
although genome similarities were found between L. pi-
losus and L. atlanticus (Gupta, Buirchell, and Cowling,
1996). Likewise, the species originating from the desert
and arid regions of North Africa, L. atlanticus (2n = 38)
and L. digitatus (2n = 36), are sister taxa in this ITS
phylogeny. This is not in exact concordance whith the
ITS sequence data of Kass and Wink (1997b) who found
that these two taxa are dlightly more distantly related.
Nevertheless, it has been demonstrated that L. atlanticus
and L. digitatus intercross successfully and have a greater
homology of chromosomes than to any other rough-seed-
ed species (Roy and Gladstones, 1988; Carstairs, Buir-
chell, and Cowling, 1992; Gupta, Buirchell, and Cowling,
1996). Restricted to the Mediterranean region, L. cosen-
tinii (2n = 32) has an identical ITS sequence to that of
the hypothesized recent common ancestor of the rough-
seeded lupines. This is in agreement with ITS results of
Kass and Wink (1997b), but not with their rbcL data
where L. cosentinii appeared to accumulate relatively
more mutations. The latter speciesis more closely related
to L. atlanticus and L. digitatus than to L. pilosus and L.
palaestinus with regard to chromosome numbers and in-
terspecific crossing ability (Roy and Gladstones, 1988;
Carstairs, Buirchell, and Cowling, 1992). Geographically
restricted to the tropical-subtropica areas of Eastern
Equatorial Africa and having 2n = 38 chromosomes, L.
princei Harms. (here not analyzed) is unambiguously a
member of the rough-seeded lupin group, as confirmed
from both rbcL and ITS data by Kass and Wink (1997b).
These authors found that L. princei has an ITS sequence
identical to that of L. digitatus. The latter result contrasts
with the cytogenetic and interspecific crossing ability
data, which all show that these species are well differ-
entiated from one another (Carstairs, Buirchell, and
Cowling, 1992; Gupta, Buirchell, and Cowling, 1996).
Moreover, L. princel was demonstrated as the most ge-
netically isolated taxon within the rough-seeded lupines
(Gupta, Buirchell, and Cowling, 1996). Finadly, relation-
ships among the rough-seeded lupin subgroups still re-

main unresolved based upon I TS data and need additional
informative characters to be further elucidated.

The smooth-seeded lupines, all Mediterranean, are re-
solved into two distinct clades (B and D) in the strict
consensus tree (Fig. 1). Within these clades, al the spe-
cies and sections presently recognized (Gladstones, 1974,
1984) are morphologically well defined. This is largely
in accordance with biochemical datafrom: alkaloids (No-
wacki, 1963; Wink, Meibner, and Witte, 1995), leaf fla-
vonoids (Williams, Demissie, and Harborne, 1983), seed
proteins (Ainouche, 1988a, 1991; Salmanowicz and Przy-
bylska, 1994; Przybylska and Zimniak-Przybylska,
1995), and isozymes (Wolko and Weeden, 1990b).

Within smooth-seeded sections, no ITS nucleotide dif-
ferences were found between members of the same spe-
cies. Lupinus albus var. graecus and L. angustifolius
subsp. reticulatus, previously recognized at the species
level (L. graecus Boiss. & Sprun. and L. reticulatus
Desv.), are now regarded as no more than forms, varie-
ties, or subspecies of L. albus L. (2n = 50) and L. an-
gustifolius L. (2n = 40), respectively (Gladstones, 1974,
1984; Amara Franco and Pinto da Silva, 1978). Lupinus
luteus and L. hispanicus (sect. Lutei), which both have
2n = 52 chromosomes, are sister taxa and are well dif-
ferentiated by seven nuclectide changes (shown in Fig.
2). Often growing sympatrically, these species are sepa-
rated (though not completely) by reproductive barriers
due to partial chromosome nonhomology (Kazimierski,
1982, 1988). Surprisingly, sections Lutei and Angustifoli
are members of a monophyletic group (clade B, Fig. 1),
although they are conspicuously different in morphology
and cytology. This was also seen in the rbcL analysis of
Kass and Wink (1997b). Such an unexpected relationship
was, however, previously suspected when a ‘‘ foveolate”
seed coat pattern, different from the common L. angus-
tifolius type, but similar to that of L. luteus, was found
in some North African populations of L. angustifolius
(Ainouche, 1988b, 1991). Instead, L. luteus was suggest-
ed as being closer to L. micranthus based on similar chro-
mosome numbers and some morphological affinities
(Gladstones, 1984), arelationship that is not corroborated
by our ITS results nor by crossing data (Kazimierski,
1988). Lupinus luteus, represented on both sides of the
Mediterranean, is the most derived species in clade B
with respect to ITS sequence (Figs. 1, 2). Gladstones
(1974) suggested the Iberian Peninsula as the place of
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TABLE 4. Relative rate test values® based on pairwise comparisons of ITS nucleotide sequence differences® between taxa of Lupinus using Chamaecytisus mollis as the reference taxon.
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In the comparison between two taxa the substitution rate difference is: * Significant at the 5% level (1.96 < test value < 2.57), ** Significant at the 1% level (test value > 2.57), or

aRelative rate test values are estimated following the procedure of Wu and Li (1985) and Li and Tanimura (1987).
nsnot significant (test values X 1.96).

b Sequence divergences are calculated according to Jukes and Cantor (1969) from nucleotide substitutions only.

¢ Perennial taxa are in boldface.
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origin of sect. Lutei, whereas that of sect. Angustifoli is
somewhere in the Mediterranean.

The two other smooth-seeded sections, Albi (2n = 50)
and Micranthi (2n = 52), are always placed as sister taxa
in the strict consensus trees (clade D; Fig. 1). A relation-
ship between L. micranthus and L. albus was conjectured
by Gladstones (1974), and the Balkan Peninsula was sug-
gested as the possible common center of origin of these
taxa based on some morphological, ecogeographical, and
chromosome number affinities. However, the alliance of
these taxa results from only one synapomorphy and ad-
ditional informative characters must be considered to as-
sess the reliability of that relationship. Noteworthy is the
large difference in number of nucleotide substitutions ac-
cumulated in the ITS sequences of L. micranthus and L.
albus (Fig. 2; Table 3); the latter species shows a signif-
icantly slower ITS evolutionary rate (Table 4). The po-
sition of L. micranthus in relationship to other species
has been the subject of debate in the literature; recent
investigations based on flavonoids (Williams, Demissie,
and Harborne, 1983), akaloids (Ainouche, unpublished
data), protein serology (Cristofolini, 1989), and isozymes
(Wolko and Weeden, 1990a) suggested an intermediate
position of this species between the smooth-seeded and
the rough-seeded lupines of the Old World. However, fur-
ther isozyme data suggested a close affinity with the
smooth-seeded species (Wolko and Weeden, 1990b).

Although the Mediterranean and North African lupin
clades always appear close to one another in the maxi-
mum parsimony trees and seem to form a paraphyletic
grade (Fig. 2), relationships among them cannot be in-
ferred with certainty from our I TS data due to insufficient
resolution at the base of the genus. This was aso the case
with the rbcL and ITS analyses of Kass and Wink
(1997b). However, the tree length increased by only one
step more than the most parsimonious trees when the
monophyly of the smooth-seeded lupines (clades B and
C) was constrained. Finally, ITS data are highly congru-
ent with Lupinus taxonomy in the Old World, and ITS
sequence divergence among taxa correlates well with
morphology and intercrossing data. The morphologically
diverse and genetically well-differentiated smooth-seeded
species display higher sequence divergence values than
the morphologically homogeneous and genetically less
differentiated rough-seeded lupines (Table 3).

New World lupines—One remarkable result emerging
from this study is that the New World lupines are dis-
tributed into two distinct clades (A and E; Figs. 1, 2) in
accordance with their geographic origin: the eastern New
World lupines in clade A and the western New World
ones in clade E.

The eastern New World lupines (clade A) represent a
well-supported monophyletic group. Within this clade,
the major groups presently recognized in the Atlantic
subregion of South America (Planchuelo and Dunn,
1984; Planchuelo Ravelo, 1984; Monteiro, 1986) are here
represented by three well-differentiated species: L. brac-
teolaris (annual; digitate leaves;, 2n = ?); L. multiflorus
(perennial; digitate leaves; 2n = 48); and L. paraguar-
iensis (perennial with combined simple and compound
leaves, 2n = ?). The sister relationship between the two
latter taxa (SYN = 2; D.l. = 2; B.V. = 69%), additionally
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supported by two shared mutations in the 5.8S cistron
(see Fig. 2), demonstrate the close relationships between
the digitate- and simple-leaved perennial lupine groups
of the Atlantic South American subregion, an association
previously suggested from morphological data (Plan-
chuelo and Dunn, 1984). Two other digitate-leaved pe-
rennial lupines, native from the same subregion, and pro-
ducing one unifoliolate first leaf above the cotyledons, L.
albescens Hooker and Arnott. and L. aureonitens Gilles
(Planchuelo and Dunn, 1984), were demonstrated as
closely related to L. paraguariensis, based on both rbcL
and ITS data (Kass and Wink, 1997b).The simple-leaved
lupines growing in southeastern North America (unfor-
tunately not available for our study) are interpreted by
Dunn (1971) as apostglacial introduction from Brazil and
would then be potentially related to this clade. A note-
worthy feature of the ITS-based phylogenies (Fig. 2) is
the inclusion of L. texensis (annua with digitate leaves
and 2n = 36, from Texas) in clade A as a closely related
taxon to the eastern South American lupine group, which
was not detected in previous phylogenetic studies of Lu-
pinus. It is then probable that other close relatives of L.
texensis (in morphology and cytology) in Texas and ad-
jacent areas, such as L. subcarnosus Hook., L. leonensis
Wats., and L. havardii Wats. (Dunn, 1984), and some
morphologically similar taxa in East Argentina and Uru-
guay, such as members of the L. gibertianus C. P Smith—
L. linearis Desr. complex (Dunn, 1984), would be part of
the same lineage (clade A). Interestingly, the latter spe-
cies were suggested to be potentially related to L. an-
gustifolius (Mediterranean), based on morphological and
other biological similarities (Dunn, 1984; Planchuelo and
Dunn, 1984). Moreover, it is noteworthy that L. para-
guariensis, L. bracteolaris, L. multiflorus, and their close
relatives display a uniform " simple-foveolate” seed coat
pattern (Bragg, 1983; Monteiro, 1987; Ainouche, unpub-
lished data). As seen above, this pattern is also present
in some Mediterranean smooth-seeded taxa as L. luteus
and L. angustifolius (clade B).

Following traditional interpretations, Dunn (1984) con-
sidered that ‘‘the simple-leaved lupines are the primitive
part of the genus’ since they share supposedly primitive
characters such as: habitat (subtropical highlands), peren-
nial condition and woodiness, simple leaves, outcrossing,
large-flowering, insect pollination, and other anatomical
characters. Whether the perennial simple-leaved taxa are
primitive or rather derived from the annual or perennia
compound-leaved lupines is not resolved based on the
conservative estimate of phylogeny (Fig. 2). Resolution
of this question is of great importance in passing judge-
ment on Dunn’s hypothesis. Nevertheless, ITS data are
hardly compatible with the view that the simple-leaved
lupines derive from the Crotaarieae as previously sug-
gested by Dunn (1984) and Gross (1986).

Therefore, the ITS data suggest that most of the eastern
South American lupine groups and some southeastern
North American ones, containing both annual and peren-
nial, simple- and compound-leaved species, are derived
from a common ancestor. This is in accordance with
some previous assumptions based on thorough morpho-
taxonomic and geographical studies (Planchuelo Ravelo,
1984; Planchuelo and Dunn, 1984). A broader sampling
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among potential close relatives is needed to circumscribe
more accurately this distinct eastern New World clade.

Despite the lack of resolution at the base of the strict
consensus tree, it may be pointed out that the eastern
New World lupines are always placed closer to the Old
World ones than to the western New World speciesin the
most parsimonious trees generated by the different
searches (Fig. 2). There are also shared morphological,
micromorphological, and cytological features (reported
above), which show affinities between Old World and
eastern New World lupines. However, no conclusions
may be drawn from present ITS data about close phylo-
genetic relationships between the Old World and eastern
New World lupines, especially because only one addi-
tional step was required in a constraint analysis to force
the monophyly of the New World lupines (clades A and
E).

The western New World lupine clade (clade E; Figs.
1, 2) isless well supported than the eastern one. However,
it is present in 100% of the topologies generated by the
different searches and is additionally supported by one
synapomorphic indel shown in Fig. 2. This clade contains
only digitate compound-leaved species usually 2n = 48
(Phillips, 1957; Dunn and Gillett, 1966; Dunn, 1984).
Thus, the western New World lupines represent a distinct
euploid series contrasting with the Old World and the
eastern New World aneuploid clades. It is hoteworthy that
the lupine species occurring in Central America, L. mex-
icanus and L. elegans (in Mexico), and in South America,
L. mutabilis (Andean, Peru) and L. microcarpus (N. and
S. America), are placed together with the western North
American ones. There are also serological (Nowacki and
Prus-Glowacki, 1971; Cristofolini, 1989), isozyme (Wol-
ko and Weeden, 1990b), and molecular data (Kass and
Wink, 1997b) indicating close affinities of the Andean
species, L. mutabilis, and its relatives (e.g., L. bogotensis
Benth.) to the North American ones.

Among the three monophyletic subclades with mod-
erate to strong support distinguished within the western
New World lupines, the best supported one is composed
of five taxa exhibiting the same ITS sequence: L. micro-
carpus var. microcarpus, L. microcarpus var. densiflorus,
L. affinis, L. luteolus, and L. pusillus (Figs. 1, 2). Pres-
ently, these taxa are considered taxonomic complexes of
herbaceous winter annuals occurring in arid areas from
southwestern Canada, to Mexico, with some (e.g., L. mi-
crocarpus-L. densiflorus complex) extending their ranges
into western regions of South America (Dunn, 1984;
Planchuelo Ravelo, 1984). These taxa, and their relatives,
were previously referred to as subg. Platycarposin earlier
literature (Watson, 1873); they correspond to the two dis-
tinct supraspecific groups Microcarpi and Pusilli of
Smith (1944). ITS data demonstrate that these annua
taxa (with sessile cotyledons, connate-perfoliate) form in
fact a highly homogeneous group derived from a com-
mon ancestor. Their similar and apparently singular mi-
cromorphological seed coat pattern aso suggests a com-
mon history (Ainouche, unpublished data). Despite weak
support, L. hirsutissimus Benth., an annual species with
petioled cotyledons from the dry and rocky areas of Cal-
ifornia and Baja, is always placed as sister taxon to the
L. microcarpus group in the phylogenetic trees (Figs. 1,
2), while it is usually considered morphologically closer
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to L. sparsiflorus (Smith, 1944; Riggins and Sholars,
1993).

One moderately supported subgroup in clade E corre-
sponds to the well-defined L. arizonicus—L. sparsiflorus
complex of winter annuals with petioled cotyledons en-
demic to arid areas extending from California, Nevada,
and Arizona to Baja and Mexico (Smith, 1944; Dunn,
1984; and references therein). These species arerelatively
well differentiated from one another by 4-bp changes
(Fig. 2), which is consistent with their reproductive iso-
lation (Wainwright, 1978). Among the remaining annual
species, Lupinus concinnus, with petioled cotyledons,
sometimes morphologically confused with L. sparsiflorus
(Riggins and Sholars, 1993), is here differentiated by sev-
en autapomorphies, but there is no evidence of its rela-
tionship to any of the other taxa.

Another moderately supported monophyletic assem-
blage contains the perennial taxa L. mexicanus and L.
elegans, which suggests that also their close relatives na-
tive to Central America (e.g., the perennial species L.
exaltatus Zucc. and the annuals L. campestris Ch. and
Schl., L. bilineatus Benth., L. hartwegii Lindl.) might
have a common history (Dunn, 1984). A close relation-
ship between L. hartwegii (close to L. mexicanus com-
plex) and L. elegans was also shown from serological
(Cristofolini, 1989) and isozyme data (Wolko and Wee-
den, 1990b), whereas L. aschenbornii Schauer (from Cos-
ta Rica) was sister taxon to L. elegans based on ITS data
(Kass and Wink, 1997b).

All the remaining taxa in clade E (except for the an-
nuals L. mutabilis, L. nanus, and L. succulentus) are rep-
resentatives of perennial lupine complexes present in
North America and Mexico (Dunn, 1984). These herba-
ceous and shrubby perennial species are characterized by
a great morphological variability and intergradation.
They cover a remarkably wide ecogeographical diversity
ranging from the Arctic Circle in Alaska (e.g., L. arcti-
cus) to Baja and Mexico (e.g., L. latifolius), and from sea
level (e.g., L. littoralis) to subalpine and alpine slopes
and meadows (e.g., L. lepidus, L. argenteus). Contrasting
with this morphological and ecogeographical diversity, a
much lower degree of ITS divergence is observed among
these taxa, including several assemblages of species each
with identical ITS sequences (groups 1 to 4, in Fig. 2)
but without any reliable support. Moreover, both annual
(e.g., L. nanus, L. succulentus) and perennial (e.g., L.
latifolius) species may have the same ITS sequence
(group 2). Lupinus nanus is predominantly self-incom-
patible and outcrossing as most of the perennial lupines,
while the annual taxa are generally self-compatible and
predominantly autogamous (Juncosa and Webster, 1989).
Such a close relationship between annual and perennial
lupines is not exceptional within the New World lupines.
This may indicate that the annual and perennial habits
have evolved independently many times within these lu-
pines. Serological differences were not detected between
annual and perennial North American lupines (Cristofol-
ini, 1989). Dunn and co-workers (in Dunn, 1984) dem-
onstrated that the L. mexicanus—L. exaltatus complex (in
Mexico) contains both annual and perennial species,
which are morphologically nearly indistinguishable and
interfertile but completely different in their life history.

With few exceptions, the ITS sequences do not provide
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enough informative characters to resolve relationships
among the western New World lupines. The low diver-
gence found especially among the perennial taxa and
their annual close relatives seems congruent with com-
mon morphological intergradation, the stability of the
chromosome number, and the lack of strong genetic bar-
riers to interbreeding (Dunn and Gillett, 1966; Dunn,
1984; Welsh et al., 1987; Barneby, 1989). This indicates
that these taxa are currently undergoing active processes
of diversification and speciation. In contrast, higher levels
of sequence divergence and more rapid substitution rates
of ITS regions (Tables 3, 4) have been observed among
annual taxa (to be discussed in next section).

Sequence divergence and evolutionary rates of the
ITS regions in Lupinus—Our results demonstrate vari-
ance of ITS sequence divergence both among and within
the main lupine clades (Table 3). The relative rate tests
performed detect unequal rates of ITS evolution within
Lupinus (Table 4), indicating that the ITS regions violate
the assumption of rate constancy among different line-
ages (Zuckerkandl and Pauling, 1965). Substitution rate
heterogeneity between evolutionary lineages or taxa is
not exceptional in plants and numerous examples have
been documented at various taxonomic levels (Systma
and Gottlieb, 1986; Shilling and Jansen, 1989; Doyle,
Doyle, and Brown, 1990; Wilson, Gaut, and Clegg, 1990;
Bousquet et al., 1992; Gaut et al., 1992, 1996, 1997; Li
and Bousquet, 1992; Gaut, Muse and Clegg, 1993; Suh
et a., 1993; Gielly and Taberlet, 1996; Eyre-Walker and
Gaut, 1997). It is now widely accepted that the rate of
molecular evolution (or the molecular clock) varies not
only among DNA regions, coding and noncoding se-
quences, synonymous and nonsynonymous sites, but also
between different lineages (Wu and Li, 1985; Britten,
1986; Li and Tanimura, 1987; Wolfe, Li, and Sharp,
1987; Bousquet et al., 1992; Gaut et al., 1992, 1996,
1997; Li, 1993).

Despite the presence of ITS rate inequalities within
Lupinus, the molecular clock cannot be rgjected in alarge
proportion of pairwise comparisons (79.5%) among the
species tested, and different patterns of rate variation are
noteworthy among the main clades (Table 4; Fig. 2). It
is noteworthy, for example, that no significant ITS sub-
stitution rate differences are evident among the most
strongly supported clades and subclades (revealed in the
ITS phylogenies), which are composed of the eastern
New World lupines, the Old World rough-seeded ones,
the Lutel section, and the L. microcarpus group of west-
ern New World taxa. Moreover, it is also significant that
most of the species or groups of species on long branches
(with rapid I TS substitution rates) are annuals, while most
of the perennial ones (except for those of clade A) display
short branches and slower substitution rates. This is par-
ticularly apparent in the western New World clade (E).
Such correlation between plant life history and rates of
molecular evolution is generally explained by the gen-
eration time effects, according to the neutral theory (Shil-
ling and Jansen, 1989; Wilson, Gaut, and Clegg, 1990;
Gaut et a., 1992; Doyle, Lavin, and Bruneau, 1992; Suh
et a., 1993; Bohle, Hilger, and Martin, 1996). However,
rate inequalities are not always correlated with differenc-
esin habit in this and other studies: e.g., Microseris (Wal-
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lace and Jansen, 1990); Microseridinae (Jansen et al.,
1991); Krigia (Kim and Jansen, 1994); monocotyldons
(Gaut et al., 1992). It has been suggested that not only
the generation time, but also severa other factors may
influence rates of molecular evolution, including evolu-
tionary history, selection, speciation rates, DNA replica-
tion or repair, and metabolic rates (Wu and Li, 1985;
Britten, 1986; Bousquet et al., 1992; Li, 1993; Martin
and Palumbi, 1993; Eyre-Walker and Gaut, 1997; Gaut
et al., 1997). For example, the habit or generation time
may have changed over the evolutionary history of lin-
eages and it may be expected that some patterns of rel-
ative rate variation might reflect these changes (Wilson,
Gaut, and Clegg, 1990aut et al., 1992; Gielly, 1994). Ac-
cordingly, the annual growth habit and the low rates of
substitution in ITS displayed by some taxa (e.g., L. nanus
and L. succulentus) in the western New World clade (E)
might be interpreted as a recent acquisition of a short
generation time. In contrast, the eastern New World pe-
rennial species, L. paraguariensis, which appears to have
homogeneous substitution rates relative to, not only its
perennial and annual close relatives in clade A, but also
most of the annual lupines of the Old World and the
eastern New World (Table 4), exhibits significantly more
rapid substitution rate in comparison to the highly ho-
mogeneous western New World perennials and their an-
nual close relatives in clade E. Thus, similar to the above
argument, it may be tentatively hypothesized that the
evolutionary history of L. paraguariensis might have in-
cluded short generation times, which would explain its
high ITS substitution rate. Gaut et al. (1992) suggested
that the rapid substitution rate of the rbcL gene found in
some perennial grass species (e.g., Puccinedllia distans
and Neuracshne sp.) might reflect the recent acquisition
of the perennial generation time. However, the data also
show other patterns, which remain obscure, such as the
intriguing very slow substitution rate exhibited by L. al-
bus.

Therefore, there is some evidence from ITS data,
which argue for a role for the generation time effects in
the evolutionary history of Lupinus. However, there is
still a great need to clarify the evolutionary forces and
mechanisms that influence nucleotide substitution ratesin
plant systems (Gaut et al., 1997). Thus, any conclusion
in this context should be tested across different DNA
regions (including different genomes as well), to accu-
mulate as much data as possible, to be reliably assessed
(Li and Tanimura, 1987; Gaut, Muse, and Clegg, 1993;
Eyre-Walker and Gaut, 1997).

Phylogenetic utility of ITS sequences at the
intrageneric level in Lupinus—Based on a simultaneous
cladistic analysis of alarge number of taxa, representative
of a broad range of the lupine diversity, the ITS-based
phylogeny presented here provides a general and objec-
tive overview of the resolved and unresolved relation-
ships within the genus. Most of parallel ITS results of
the independent study of Kass and Wink (1997b) are con-
cordant with ours, despite their partitioned analyses of
subsets of taxa instead of a generally preferred complete
data set analysis. The increased taxon sampling included
in this study (44 taxa vs. 29 sequenced by Kass and
Wink, with 20 taxa common to the two independent stud-
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ies) reveals some novel relationships especially within the
New World, undetected in the previously published mo-
lecular analyses of Lupinus (Badr, Martin, and Jensen,
1994; Kass and Wink, 1997b). However, although some
strongly to moderately supported groups are evident at
different levels within Lupinus in the ITS phylogenetic
tree topologies, relationships both among and within the
main clades and groups (discussed above) still remain
largely unresolved, particularly at the base of the genus.
Despite the appreciable number of variable sites found in
the ITS regions of lupines (~20%) in comparison to other
taxonomic groups (Baldwin et al., 1995), the ITS poten-
tial of phylogenetic information has been considerably
reduced due to the high proportion of autapomorphic mu-
tations (Table 2) and a significant level of homoplasy.
Additionally, most of the synapomorphies are positioned
along the terminal branches supporting groups of taxa,
while only very few have accumulated at the base of the
genus to resolve the more ancestral relationships. Inter-
estingly, such alack of resolution at the base of Lupinus
is also observed in chloroplast DNA-based phylogenies
reconstructed from both restriction site and rbcL se-
quence data (Badr, Martin, and Jensen, 1994; Kass and
Wink, 1994, 1997b). This basal star topology (i.e., un-
resolved polytomy) suggests that the lupines might have
undergone an initial rapid radiation (Sang et al., 1994,
Soltis and Soltis, 1995; Yuan and Kupfer, 1997). The
present situation of the genus Lupinus, where the species
are distributed into different major groups in general ac-
cordance with their geographical, morphological, micro-
morphological, biological, cytological, phytochemical,
and genetic diversity, seems compatible with a rapid ini-
tial evolutionary diversification pattern of the genus. The
herbaceous life form and short generation time might
have contributed to a rapid radiation of the genus, as has
been suggested for other taxonomic groups based on ITS-
nrDNA or cpDNA data (Baldwin et al., 1995; Soltis and
Soltis, 1995; Yuan and Kupfer, 1997).

Conclusion—The ITS sequence data presented here
provide novel information for taxonomy and systematics
of the genus Lupinus. They lend strong molecul ar-based
support to several previous assumptions based on di-
verse lines of data, including the monophyly of Lupinus
and its close relationship to the Genisteae. They also
provide new insights into the taxonomy and systematics
of the taxonomically difficult New World lupines, in-
cluding: (1) their apparent eastern—western geographic
subdivision, (2) the relationship of southeastern North
American annual species to both the annual and peren-
nial, smple- and compound-leaved southeastern South
American lupines, and (3) the recognition of the Platy-
carpos group. Moreover, life history has apparently in-
fluenced rates of I TS sequence evolution in Lupinus, and
the data are suggestive of a rapid initial radiation of the
genus. The ITS data failed, however, to resolve a num-
ber of relationships at the intrageneric level. The ITS-
based phylogeny represents at least a basic framework,
which could help initiate further more accurate investi-
gations to elucidate phylogenetic relationships within
the genus and their implications for biogeography and
character evolution. Several questions remaining to be
addressed include the clarification of relationships
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among the main monophyletic groups and elucidation of
their interrelationships. Thus, there is still a great need
to improve the phylogeny of the genus Lupinus, at both
the basal and internal levels, using more informative and
appropriate characters, either from additional molecular
data (nuclear and plastid) or in combination with a cla-
distic analysis of morphological data, and based on a
broader representation of the New World diversity in the
sampling. Additionally, the characterization of the mo-
lecular rate heterogeneity may have important implica-
tions for phylogenetic reconstruction and understanding
of the evolutionary history.
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