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Systematics of the tribe Podalyrieae (Fabaceae) based
on DNA, morphological and chemical data

MICHELLE VAN DER BANK"Y, MARK W. CHASE FLS?, BEN-ERIK VAN WYK?,
MICHAEL F. FAY rLS?, FREDERICK H. VAN DER BANK!, GAIL REEVES? and

ALAN HULME?

'Rand Afrikaans University, Auckland Park, Johannesburg 2006, South Africa
*Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3DS, UK

Received August 2000; accepted for publication March 2002

Phylogenetic relationships among nine genera and 28 species of the southern African tribe Podalyrieae were esti-
mated from sequences of the internal transcribed spacer (ITS) of nuclear ribosomal DNA as well as morphological
and chemical data. Morphological and ITS sequence data produced cladograms with similar topologies, both sup-
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INTRODUCTION

The legume family, Fabaceae, is the third largest
family of flowering plants with approximately 18000
species from 650 genera. They are commonly divided
into three subfamilies: Caesalpinioideae, Mimosoideae
and Papilionoideae, the last comprising 30 tribes, one
of which is Podalyrieae (Polhill, 1994). Polhill (1976;
1981a) expressed uncertainty about the status of
Podalyrieae and suggested that it might be sensible
to amalgamate it with Liparieae. Podalyrieae com-
prise the genera Calpurnia E.Mey, Cyclopia Vent.,
Podalyria Willd., Virgilia Poir. and were recently
broadened to include most genera of Liparieae;
- Amphithalea Eckl & Zeyh., Coelidium Vogel ex Walp.
and Liparia L. (Schutte & Van Wyk, 1998a). Van Wyk
& Schutte (1995) transferred Calpurnia to Poda-
lyrieae, and two subtribes, Xiphothecinae A. L. Schutte
and Podalyriinae, are recognized (Schutte & Van Wyk,
1998a). According to a molecular study of rbeL and
internal transcribed spacer (ITS) (Kiss & Wink, 1996)
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Podalyria, Cyclopia, Virgilia and Liparia belong to a
monophyletic clade, which should be recognized as a
single tribe, Podalyrieae. The tribe is endemic to the
Cape fynbos region of South Africa, except for Calpur-
nia, which is centred in southern Africa but has one
species that extends to eastern Africa and India
(Schutte & Van Wyk, 1998a).

The taxonomy of Podalyrieae and Liparieae has been
the subject of intensive research over the last 30 years
and especially the past 4-5 years (Hutchinson, 1964;
Polhill, 1976; Polhill, 19814, 1981b; Yakovlev, 1991;
Schutte, 1995; Van Wyk & Schutte, 1995; Schutte &
Van Wyk, 1998a b). Several genera have recently been
revised for the first time since Harvey’s (1862) treat-
ment in Flora Capensis (Virgilia — Van Wyk, 1986;
Liparia — Schutte & Van Wyk, 1994; Podalyria and
Priestleya ~ Van Wyk & Schutte, 1995; Cyclopia
Schutte, 1997a; Xiphotheca - Schutte, 1997b;
Amphithalea and Coelidium — Schutte & Van Wyk,
1998a; Hypocalyptus — Schutte & Van Wyk, 1998b).
Van Wyk & Schutte (1995) found Priestleya to be
parapheletic and raised Priestleya section Aneisotheq
to generic level under the reinstated name Xiphotheca
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Eckl. & Zeyh., whereas Priestleya section Priestleya
was found to be congeneric with Liparia and included
therein. Coelidium was reduced to synonomy under
Amphithalia by Schutte & Van Wyk (1998a). A new
genus, Stirtonanthus B.-E. van Wyk & A.L. Schutte
(= Stirtonia B.-E. van Wyk & AL. Schutte), was
described to accommodate three rare yellow-flowered
species, which were formerly included in Podalyria
(Van Wyk & Schutte, 1994). These species are known
only from a few localities in the southern Cape. These
authors also proposed a transfer of Calpurnia (tribe
Sophoreae) to Podalyrieae because of a hypothesized
close relationship with Virgilia (Van Wyk & Schutte,
1995). Hypocalyptus Thunb. was excluded because its
morphology, chemical constituents and cytology were
not consistent with other members of the group, and it
was therefore described as a monogeneric tribe,
Hypocalyptieae (Schutte & Van Wyk, 1998b) of specu-
lative position within Papilionoideae.

We undertook this study of Podalyrieae with two
broad goals in mind: to evaluate the usefulness of
nuclear ribosomal DNA ITS sequences in Podalyrieae
sensu lato, and to evaluate the earlier hypotheses
based on morphological and chemical data. The
nuclear ribosomal RNA genes (rDNAs) of higher
plants are organized in long tandem repeating units
(Appels & Honeycutt, 1986), each of which consists
of a single transcribed region for the 188, 5.8S, 268
ribosomal RNA genes, two small internal transcribed
spacers (ITS1 and ITS2), and a large external non-
transcribed intergenic spacer (IGS). The numerous
copies of rRNA genes (typically thousands per cell in
plants) are highly homogeneous (Arnheim, 1983) and
exhibit differential rates of evolution among compo-
nent subunits and spacer regions (reviewed in Hamby
& Zimmer, 1992; Baldwin et al., 1995), Sequences
of the two internal transcribed spacers have proved
useful for resolving reiationships within and among
closely related plant genera because, in general, these
sequences evolve more rapidly than their flanking
coding regions (e.g. Baldwin, 1992, 1993; Savard,
Michard & Bousquet, 1993; Suh et al., 1993,
Wojciechowsk et al., 1993; Sang et al., 1994; Baldwin
et al., 1995; Hsiao et al., 1995; Soltis & Kuzoff, 1995;
Cox et al., 1997; Pridgeon ef al., 1997).

MATERIAL AND METHODS

The taxa selected for this study included representa-
tives of all genera of Podalyrieae and some additional
outgroup taxa (Table 1).

MORPHOLOGICAL AND CHEMICAL ANALYSES

A cladogram was generated with the software PAUP
for Macintosh, version 4.0b1 (Swofford, 1998). A tree

search was carried out using a heuristic search with
1000 random sequence additions and TBR (tree
bisection-reconnection) branch Swapping  with
MULPARS ‘on’ and all character transformations
treated as equally likely (Fitch parsimony; Fitch,
1971). Alimit of ten trees per replicate was set so that
less time was spent swapping on each replicate. Suc-
cessive approximations weighting (SW; Farris, 1969)
was then used to down-weight base positions that
change excessively. Successive weighting was carried
out on using the ‘reweight characters’ command
according to the RI index, using the maximum value
(best fit) criterion and a base weight of one. Using the
Fitch trees as the basis for calculating the initial
weights, the search-reweighting process was repeated
until the same tree length was obtained twice in suc-
cession. Internal support was assessed with 1000 boot-
strap replicates (Felsenstein, 1985) with both Fitch
and SW weights using TBR swapping, MULPARS ‘on’
holding only ten trees per replicate (with simple addi-
tion of taxa). Only groups of >50% frequency were
reported, and we apply the following scale for support
percentages: 50-74%, weak; 75-84%, moderate; and
85-100%, strong. Hypocalyptus was selected as out-
group because it was the most divergent ITS sequence
among the taxa studied. The morphological and
chemical data are presented in Tables 2 and 3.

ITS-SEQUENCE ANALYSES

The sources of plant material and voucher specimens
for taxa in this analysis are listed in Table 1. DNA was
extracted from 1.0g frozen leaf material using the 2X
CTAB method of Doyle & Doyle ( 1987). The amplifi-
cation of the ITS region (including the 5.85 gene) was
carried out using the White et al. (1990) ITS 5 and ITS
4 primers. Amplified products were purified using
Magic minicolumns (Promega, Southampton, UK),
following protocols provided by the manufacturer.
Data were analysed using the same procedure as
described above. At the end of each round, we carried
out another search with no tree number limit so that
all trees at that shortest length were collected and
swapped to completion. Internal support was assessed
as above. From other studies (A. Hulme, unpubl.
data), ITS data were available for the following taxa,
which were not present in the morphological/chemical
analysis: Sophora microphylla, S. prostrata, S. tetra-
phylla, S. toromiro and Styphnolobium Japonicum.

COMBINED ANALYSIS

In the combined analysis we made use of the morpho-
logical, chemical and ITS data. There has been much
controversy regarding how different. data sets should
be combined in phylogenetic analyses (Bull et al.,
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Table 1. Collections of the tribe Podalyrieae studied

No. Species Source GenBank No.  Voucher Specimen
Aspalathus
1 A. linearis (N.L. Burm.) R.Dahlgr. Pakhuis Pass AJ 409916 Van Wyk 3630, RAU
Hypocalyptus
2 H. colutioides (Lam.) R.Dahlgren Witelbos AJ 409917 Schutte 730, RAU
3 H. sophoroides Druce Swartberg Pass Ad 409919 Van Wyk 3012, 3319, RAU
4 H. oxalidiifolius (Sims) Phillips Betty’s Bay Ad 409918 Schutte 468, RAU
Xiphotheca
5 X. fruticosa (L) A.L.Schutte & Montagu, AJ 310726 Schutte 673675, RAU
B.-E.van Wyk Pypsteelfontein
6 X tecta (Thunb.) A.L.Schutte & Du Toit’s Kloof Ad 310727 Schutte 714, 738, RAU
B.-E.van Wyk
Amphithalea
7 A. ericifolia R.Granby Cape Point AJ 310728 Schutte 620, RAU
8 A. micrantha Walp. Swartberg Pass AJ 310729 Viok & Schutte 325, RAU
Coelidium
9 C. vlokii A.L.Schutte & B.-E.van Uniondale Koppie AJ 310730 Schutte 661-665, 729, RAU
Wyk
10 C. muraltioides Benth Swartberg Pass AJ 310731 Viok & Schutte 26, RAU
11 C. parvifolium Druce Swartberg Pass AJ 310732 Viok & Schutte 123, 190, RAU
Cyclopia
12 C. burtonii Hofmeyr & Phillips Swartberg Pass AJ 310733 Viok & Van Wyk 189, RAU
13 C. genistoides Vent. Rooiels Ad 409895 Schutte 614, 707, RAU
14 C. maculata (Andrews) Kies Garcia Forest Station Ad 409896 Schutte 609-611, RAU
15 C. pubescens Eckl. & Zeyh. Port Elizabeth AJ 409897 Schutte 685-689, RAU
16 C. subternata Vog. Prince Alfred Pass AJ 409898 Schutte 638, 639, 651, 672, RAU
Liparia
17 L. racemosa A.L.Schutte Swartberg Pass AJ 409908 Van Wyk 2970, RAU
18 L. parva Vog. ex Walp. Cape Point Ad 409909 Van Wyk 3149, 3243, RAU
Podalyria
19 P. cuneifolia Vent. Port Elizabeth AJ 409904 Van Wyk 2888, 3177, RAU
20 P buxifolia Willd Prince Alfred Pass AJ 409905 Schutte 728, RAU
21 P intermedia Eckl. & Zeyh. Franschhoek Pass AJ 409899 Van Wyk 3003, RAU
22 P rotundifolia (Berg.) A.L.Schutte Du Toit’s Kloof AdJd 409900 Schutte 475-479, RAU
23 P myrtillifolia Eckl. & Zeyh. Franschhoek Pass AJ 409901 Van Wyk 2995, 3004, RAU
24 P. leipoldtii L.Bolus ex A.L.Schutte Paleisheuwel AJ 409902 Van Wyk 3128, RAU
25 P sericea R. Br. Du Toit’s Kloof AJ 409903 Viok & Schutte 63b, RAU
Stirtonanthus
26 S. insignus (Compton) B.-E.van Montagu AdJ 409906 Schutte & Van Wyk 721, RAU
Wyk & A L.Schutte
27 S. taylorianus (L. Bolus) B.-E.van Swartberg Pass AJ 409907 Van Wyk & Schutte 3248, RAU
Wyk & A.L.Schutte
Virgilia
28 V. divaricata Adamson The Craggs AJ 409910 Van Wyk 879-888, RAU
29 V. oroboides ssp. ferruginea Ruitersbos Ad 409911 Van Wyk 956, 957, RAU
B.-E.van Wyk
30 V. oroboides ssp. oroboides Betty’s Bay AJ 409912 Van Wyk 802-806, RAU
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Table 1. Continued

No.  Species Source GenBank No.  Voucher Specimen
Calpurnia
31 C. aurea Benth. Living collection, AdJ 409913 RBG, Kew 1991-1626, K
RBG, Kew
32 C. intrusa E.Mey. Meiringspoort Ad 409914 Van Wyk 3006, RAU
33 C. sericea Harv. Platberg AJ 409915 Van Wyk 4000, RAU
Sophora
34 S. microphylla Ssp. macnabiana Chile AJ 409923 MF Gardner & SG Knees 4703, K
(Meyen.)
35 S. mirophylla (Meyen.) Living collection, AJ 409924 RBG, Kew 1969-16092, K
RBG, Kew
36 8. toromiro Skottsh. Living collection, AJ 409921 RBG, Kew 1994-233]1 , K
RBG, Kew
37 8. prostrata J. Buch. Living collection, AJ 409922 RBG Kew 1988-2824, K
RBG, Kew
38 S. tetraphylla J.S.Muell. Living collection, AJ 310734 RBG, Kew 1977-1212, K
RBG, Kew
Styphnolobium
39 S. japonicum Schott Living collection, AdJ 409920 RBG, Kew 1972-10834, K

RBG, Kew

1993; Kim & Jansen, 1994). We made use of the most
frequently used method, namely the direct combina-
tion of different data sets so that all the characters
are considered in tree construction (i.e. total evidence,
Kluge, 1989; Donoghue & Sanderson, 1992; review
and recommendations in Wiens, 1998; which we have
followed here). ‘Congruence tests’ such as ILD are
unreliable (Reeves et al., 2001; Yoder ez al., 2001), and
we did not use any of these methods. Search strate-
gies were as described above. Taxa not presented in
the morphological/chemical matrix were scored ag
missing for these data.

RESULTS

MORPHOLOGICAL AND CHEMICAL ANALYSIS

The morphological and chemical data set (Tables 2,3)
vielded ten equally parsimonious trees with length
57, a consistency index (CD of 0.65 and a retention
index (RI) of 0.90. Successive weighting gave one tree
(tree length = 49.20686 steps, CI = 0.70, RI = 0.92;
Fitch length = 57 steps, therefore the SW tree is one
of the Fitch trees). The SW trees can be seen in
Figure 1. Subtribe Xiphothecinae form a monophelytic
group (93%, SW 95%) with Aspalathus linearis
(Crotalarieae) sister to it.

ITS-SEQUENCE ANALYSES

Complete sequences of the ITS region were generated
for 39 taxa, including 28 species of Podalyrieae and

four outgroup genera. The boundaries of the internal
transcribed spacers (ITS 1 and ITS 2) were determined
by comparison with several published sequences
obtained from a range of angiosperms (Yokota et al.,
1989; Baldwin, 1992; Wojciechowsk et al., 1993;
Manos, 1997). The length of ITS 1 varied from 231
to 238bp, whereas that of ITS 2 varied from 210 to
216bp for representatives of Podalyrieae. The 5.8
subunit was 161 bp long, which is consistent with
most angiosperms. Some variation was detected forthe
outgroup taxa containing a 5.8S of 165 bp. The length
of the aligned ITS matrix for 39 taxa was 718bp
after ambiguously aligned regions were excluded
(the complete matrix was 968bp), of these, 339 posi-
tions (47%) were variable, but only 211 (29%) were
potentially informative. All Sequences were sub-
mitted to GenBank. The aligned data matrices are
available from the authors (MVDB & MWC;
mvdb@na.rau.ac.za; m.chase@rbgkew.org.uk).

The Fitch analysis resulted in 119 equally most-
parsimonious trees, tree length = 647 steps, CI = 0.74
and RI=0.82 (Fig. 2). Successive weighting produced 15
trees(treelength=594.73236 steps, CI=0.78, Rl = 0.88;
the Fitch length of these trees was 647 steps, i.e. they
are a subset of the Fitch trees). Podalyrieae are mono-
phyletic (99%, SW 100%) and within it three clades can
be identified. The first clade contained the species from
subtribe Xiphothecinae. The second clade contained all
the species of Podalyriinae, except for the representa-
tives of Cyclopia which formed a third clade, which is
also sister to the rest of Podalyrieae.
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Table 2. Morphological and chemical characters used

No.

Character

Morphological characters

1
2

[==JS<Je SN Be N7 TSI

1

11
12
13
14

15
16
17
18

19

20

21
22
23
24
25

habit: trees (0); shrubs (1)

secondary xylem: vessels arranged in small tangential and/or radial
groups (0); vessels arranged in large confluent groups (1)

leaf type: pinnate (0); digitate (1); simple (2)

stipules: present, sometimes small (0); absent (1)

filament: not hairy (0); hairy (1)

inflorescence type: not geminate (0); geminate (1)

bracteoles: present or strongly reduced (0); absent (1)

hypanthium: not prominent (0); prominent (1)

calyx base: not intrusive (0); intrusive (1)

wing petal: not lobed towards the inside (0); thickly lobed towards the
inside (1)

keel apex: obtuse (0); slightly beaked ( 1); strongly beaked (2)

stamen grouping: monadelphous (0); diadelphous (1)

ovule number: several (0); 1 or 2 (1)

seed aril shape: not extended towards the lens (0); extended towards
the lens (1)

seed micropyle type: ypsaloid (0); punctate (1)

seed micropyle position: outside the hilum (0); inside the hilum (1)

antipodals: not persistent (0); persistent (1)

bract: bract fused with base of pedicel (0); bract not fused with base of
pedicel (1)

leaf venation: single main vein ¢ 0); main vein with lateral longitudinal
veins (1)

inflorescence axis: without terminal extension (0); with terminal
extention (1)

sterile bracts: absent (0); present (1)

bracts: single (0); paired (1)

aril: fleshy (0); non-fleshy, rim arillate (1)

aril: continuous around hilum (0); interrupted at micropylar end (1)

seed lens: straight (0); oblique (1)

Chemical characters

26

27
28
29
30
31
32
33
34
35

piperidyl alkaloids: low concentration or absent (0); present as a major
compound (1)

tetracyclic quinolizidine alkaloids: absent (1); present (0)

bicyclic quinolizidine alkaloids: absent (0); present (1)

carboxylic acid esters of alkaloids: absent (0); present (1)

esterification of monohydroxylated lupanines: absent (0); present (1)

ammodendrine: absent (0); present as a major compound (1)

canavanine: present (0); absent (1)

anthocyanins: absent (0); present (1)

anthocyanin esters: absent (0); present (1)

seed flavonoids: absent (0); present (1)

Resolution within Xiphothecinae and Podalyriinae
(excluding the genus Cyclopia) was poor, largely due
to low levels of divergence. Podalyria is paraphyletic,
but none of these branches except for P. rotundifolia

and F. intermedia (94%, SW 96%) has high support. Podalyrieae.
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Table 3. Morpological and chemical character states used for the cladistic analysis of 31 species of Podalyrieae, using
Hypocalyptus as outgroup. The cladogram generated from this data set is shown in Figure 1

No.  Species Character states
1 2 3
0 0 0

Aspalathus

1 A. linearis 11210000001010110000001100000001001
Hypocalyptus

2 H. colutioides 10100000102100000000000000100000100

3 H. sophoroides lOlOOOOO102IOOOOOOOOOOOOOOIOOOOOIOO

4 H. oxalidiifolius 10100000102100000000000000100000100
Xiphotheca

5 X fruticosa 11210110010000111100000101110001001

6 X tecta 11210100010000111100000101110001001
Amphithalea

7 A. ericifolia 11210111010011111000000101100011111

8 A. micrantha 11210111010011111000000101100011001
Coelidium

9 C. viokii 11210111010011111000000101100011001

10 C. muraltioides 11210111010011111000000101100011111

11 C. parvifolium 11210111010011111000000101100011111
Cyclopia

12 C. burtonii 11100010102000111000010100100001001

13 C. genistoides 11100010102000111000010100100001001

14 C. maculata 11100010102000111000010100100001001

15 C. pubescens 11100010102000111000010100100001001

16 C. subternata 11100010102000111000010100100001001
Liparia

17 L. racemosa 11200010102000111011100100000101001

18 L. parva 11200010102000111011100100000101001
Podalyria

19 P cuneifolia 11200010101000111000000100000101111

20 P buxifolia 11200010101000111000000100000101111

21 P. intermedia 11200010101000111000000100000101111

22 P. rotundifolia 11200010101000111000000100000101111

23 P. myrtillifolia 11200010101000111000000100000101111

24 P. leipoldtii 11200010101000111000000100000101111

25 P. sericea 11200010101000111000000100000101111
Stirtonanthus

26 S. insignus 11200010101000111001001110001101001

27 S. taylorianus 11200010101000111001001110001101001
Virgilia

28 V. divaricata 00001010102000111000001100011101111

29 Voroboidesssp.ferruginea 00001000102000111000001100011101111

30 V. oroboides ssp. oroboides 00001000102000111000001100011101111
Calpurnia

31 C. aurea 00000000001000111000001100011001001

32 C. intrusa 00001000101000111000001100011101001
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Q. Hypocalyptus oxalidiifolius
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Figure 1. The single SW tree (Fitch tree length = 57) based on morphological and chemical characters of Schutte & Van
Wyk (1998a) modified and reanalysed (Tables 2, 3) (CI = 0.65; RI = 0.90). Numbers above the branches are Fitch lenghts,
and those below the branches are bootstrap percentages over 50% (SW bootstrap are underlined). Solid arrowheads indi-

cate branches not present in the Fitch consensus tree.

COMBINED ANALYSIS

Much has been made of apparent disagreements
between molecular and morphological data
(Huelsenbeck et al., 1996; Wiens, 1998; Chase et al.,
2000). It has been pointed out that some cases of
incongruence are not due to any fundamental differ-
ences in patterns of molecular and morphological vari-
ation, but rather a result of the divergent methods
used to interpret them (Kim & Jansen, 1994). What-
ever the situation elsewhere in the legumes, our DNA
studies produced results that are interpretable within
the framework of taxonomic schemes based on char-
acters other than DNA, and because of the high degree

of congruence (Wiens, 1998), we combined all data in
one analysis. There appears to be potential incongru-
ence between morphology, which indicates that Poda-
lyria is monophyletic (83%, SW 83%) and ITS with
Podalyria polyphyletic in many trees, but not with
bootstrap greater than 50%. In spite of this potential,
we analysed all data directly, in accord with Wiens’
(1998) recommendation.

The combined morphological, chemical and ITS
data produced 68 most parsimonious trees, length of
713 steps, CI = 0.72 and RI = 0.84. Successive weight-
ing gave 17 trees (tree length = 581.84147 steps,
CI = 0.73, RI = 0.88; these had the same Fitch length
and were therefore a subset of the Fitch trees). The
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Figure

RI = 0.82). Numbers above the branches are Fitch lengths, and those below the branches are bootstrap percentages

50%

three clades resolved in the ITS and morphological
phylogenies are clearly present (Fig. 3). The strict
consensus tree was well resolved, and the three clades
consisted of species from Xiphothecinae, all the species
of Podalyriinae (except Cyclopia) and species of the
genus Cyclopia could be recognized. Support associ-
ated with the first clade ( Xiphothecinae) is high (99%,
SW 100%), whereas the second clade has a 75%,
SW 83% bootstrap. There is high bootstrap support
(98%; SW 99%) for the sister relationship between
Amphithalea and Coelidium. The second clade, with
the exception of all the representatives of Cyclopia,
comprised species from Podalyriinae. Unlike the
morphological/chemical trees, Podalyria is para-
phyletic. A sister relationship is evident between Vir-
gilia and Calpurnia (: 97%; SW 97%). Liparia is also
shown to be embedded within the Podalyriinae. Exclu-
sion of Cyclopia from Podalyriinae is strongly sup-
ported (91%; SW 94%).

© 2002 The Linnean Society of London, Botanical Journal of the Linnean Society,

DISCUSSION

Several conclusions can be drawn regarding the rela-
tionships within Podalyrieae based on the morphologi-
cal, chemical, ITS and combined analyses. The trees
produced by each independent analysis were almost
identical, and this permitted us to combine them all
in a ‘total evidence’ analysis, which revealed a largely
well-resolved Podalyrieae. The monophyly of Poda-
lyrieae is supported by a minimum of three synapo-
morphies, namely the general absence of bracteoles;
the presence of carboxylic esters of alkaloids and the
presence of persistent antipodal cells in the embryo
sacs. Podalyrieae can then be separated into three
clades. Amphithalea (which could include Coelidium)
and Xiphotheca make up the first clade in the com-
bined phylogeny, which is congruent with the previous
systematic treatment by Schutte & Van Wyk (1998a).
Representatives of Xiphothecinae all possess a non-
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Figure 3. One of the 68 most parsimonious trees (tree length = 713) from the analysis of the ITS region, morphological
and chemical data combined (CI = 0.72, RI = 0.84). Numbers above the branches are Fitch lengths, and those helow the
branches are bootstrap percentages over 50% (SW bootstrap are underlined). Solid arrowheads indicate branches not

present in the Fitch consensus tree.

intrusive calyx base, an obtuse keel apex, a reduced
number of ovules, and wing petals that have a thick-
ened lobe on the abaxial surface. According to Schutte
& Van Wyk (1998a) a sister relationship between
Amphithalea and Coelidium is supported by three
shared derived characters: hypanthium prominent;
reduced number of seeds; and a seed aril extended
towards the lens.

The second clade is composed of species from Poda-
lyriinae. They all possess an intrusive calyx base and
a beaked keel tip, as well as the presence of tetracy-
cle quinolizidine alkaloids and esterification of mono-
hydroxylated lupanines (Schutte & Van Wyk, 1998a).
The genus Podalyria is paraphyletic in many trees in
the combined analysis. Only two chemical characters,
anthocyanins and anthocyanin esters absent, are
responsible for the monophyly of Podalyria in the mor-
phological analyses. When these two characters are
reduced to a single character, bootstrap support for the
monophyly of Podalyria dropped from 83% to 64%.
According to Schutte (1995) Podalyria has a unique

combination of characters namely: (1) simple, dis-
tinctly petiolate leaves (shared with Stirtonanthus
and Xiphotheca); (2) pink, purple or white flowers
(shared with Virgilia, Amphithalea and Coelidium);
(3) few-flowered racemose inflorescences (shared with
some species of Liparia); (4) caducous bracts (shared
with Virgilia) and (5) characteristic combination of
alkaloids, but none of these optimized as synapomor-
phies on the combined trees. Schutte (1995) described
four sections in Podalyria, Villosae (Benth.) Harv.
emend. A.L.Schutte emend. nov., Glabrescens A.L.
Schutte sect. nov., Nitidae (Benth.) Harv., and Poda-
lyria [Podalyria series Sericea Benth., Podalyria sect.
Sericea (Benth.) Harv.]. Our data indicate that Poda-
lyria is likely to be paraphyletic, with at least three
groupings. These groupings correlate with the sections
described by Schutte (1995): Podalyria section Villosae
(P. intermedia and P. rotundifolia; 93%, SW 91%) is
supported by two apomorphies, the reflexed calyx
lobes and the presence of a split between the upper
two calyx lobes at anthesis. Podalyria buxifolia forms
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part of Podalyria section Nitidae with one apomorphy,
pods not inflated; its position is not resolved. There
is weak to moderate support (69%, SW 81%) for
Podalyria section Podalyria (P myrtillifolia, P,
cuneifolia, P. leipoldtii, P. sericea). This group pos-
sesses a single apomorphy, namely the leaf apices are
reflexed (Schutte, 1995). On the basis of morphology
and chemistry (alkaloids, flower anthocyanins), Poda-
lyria appears to be a natural genus, and the lack of
molecular evidence for monophyly is rather unex-
pected. Our overall assessment is that there is little
clear evidence, molecular or otherwise, for the status
of Podalyria. However, there is an interesting diver-
sity in the optical rotation of the main alkaloids in the
genus (see Van Wyk & Verdoorn, 1995): some species
produce the combination (+)-sparteine and (-)-
lupanine, whereas others have (-)-sparteine and (+)-
lupanine. This chemical dichotomy was equally unex-
pected and seems to suggest that Podalyria may have
a more complicated evolutionary history than would
appear to be the case from its morphological unifor-
mity. In spite of this apparent discrepancy the modifi-
cations to generic limits (e.g. the reinstatement of
Xiphotheca, broadening of Liparia and description of
Stirtonanthus), as well as the transfer of Calpurnia
from Sophoreae to Podalyrieae and the exclusion of
Hypocalyptus from the tribe Liparieae are well sup-
ported by the ITS results. This shows that a thorough
knowledge of the pattern of character state changes in
morphological and chemical characters can lead to a
fairly accurate estimate of phylogeny, but that DNA
sequence data add a new dimension to our under-
standing of these patterns.

The third clade comprises all the representatives of
the genus Cyclopia. Bentham (1837; 1839) placed
Cyclopia in Podalyrieae on account of its free stamens
and trifoliate leaves. According to Schutte (1957a),
Cyclopia is a well-defined genus with several autapo-
morphies (trifoliolate leaves; unifloral inflorescences;
paired, fused bracts; and a total absence of alkaloids);
it shares a number of characters with Liparia,
Podalyria, Stirtonanthus, Virgilia and some species of
Calpurnia (rostrate or beaked keel; intrusive calyx
base and dimorphic anthers). Cyclopia has decurrent
leaf bases and sterile bracts at the base of the inflo-
rescence, as does Liparia. It generally has the free
stamens typical of Podalyria, Stirtonanthus and Vir-
gilia, and the presence of distinect pockets on the keel
and wing petals found in the Xiphotheca group of
genera (Schutte, 1997a). Cyclopia is well supported
(BP 100%) and sister to the rest of Podalyrieae.
Cyclopia was previously included in the subtribe Poda-
lyriinae, but it is evident that the latter is para-
phyletic. The question of paraphyletic groups and
whether we should accept them has been much

debated in recent years. In view of the relatively small
size of the tribe Podalyrieae, it seems unnecessary
to erect a monotypic subtribe to accommodate the
genus Cyclopia. It is more practical to simply accept
a broader concept of Podalyrieae, which includes
Xiphothecinae, Podalyriinae and Cyclopia.

REFERENCES

Appels R, Honeycutt RL. 1986. RDNA. Evolution over a
billion years. In: Dutta S, ed. DNA systematics. Florida: CRC,
Boca Raton, 81-135.

Arnheim N. 1983. Concerted evolution in multigene families,
In: Nei M, Koehn R, eds. Evolution of genes and proteins.
Sunderland, MA: Sinauer Associates, 38-61.

Baldwin BG. 1992, Phylogenetic utility of the internal tran-
scribed spacers of nuclearribosomal DNA in plants: an
example from the Compositae. Molecular Phylogenetics and
Evolution 1: 3-16.

Baldwin BG. 1993. Molecular phylogenetics of Calycadenia
(Compositae) based on ITS sequences of nuclear ribosomal
DNA: chromosomal and morphological evolution reexam-
ined. American Journal of Botany 80: 222-238.

Baldwin BG, Sanderson MJ, Porter JM, Wojciechowski
MF, Campbell CS, Donoghue MdJ. 1995. The ITS region
of nuclear ribosomal DNA: a valuable source of evidence on
angiosperm phylogeny. Annals of the Missouri Botanical
Garden 82: 247-277.

Bentham G. 1837. Commentationes de Leguminosarum
Generibus. Vienna: Sollinger.

Bentham G. 1939. De leguminosarum generibus. Annalen des
Wiener Museums der Naturgeschichte 2: 621492,

Bull JJ, Huelsenbeck JP, Cunningham CW, Swofford DL,
Waddell PdJ. 1993. Partitioning and combining data in phy-
logenetic analysis. Systematic Biology 42: 384-397.

Chase MW, De Bruijn AY, Cox AV, Reeves G, Rundall
RJ, Johnson MAT, Eguiarte LE. 2000. Phylogenetics
of Asphodelaceae (Asparagales): an analysis of plastid
rbeL and trnL-F DNA sequences. Annals of Botany 86: 935—
951.

Cox AV, Pridgeon AM, Albert VA, Chase MW. 1997.
Phylogenetics of the slipper orchids (Cypripedioideae: Orchi-
daceae): nuclear rDNA ITS sequences. Plant Systematics
and Evolution 208: 197-223.

Donoghue MJ, Sanderson M.J. 1992. The suitability of
molecular and morphological evidence in reconstructing
plant phylogeny. In: Soltis PS8, Soltis DE, Doyle JJ, eds.
Molecular systematics of plants. London: Chapman & Hall,
50-91.

Doyle JdJ, Doyle JL. 1987. A rapid isolation procedure for
small amounts of leaf tissue. Phytochemical Bulletin 19:
11-15.

Farris JS. 1969. A successive approximations weighting
approach to character weighting. Systernatic Zoology 18:
374-385.

Felsenstein J. 1985. Confidence levels on phylogenies: an
approach using the bootstrap. Evolution 39 783-791.

© 2002 The Linnean Society of London, Botanical Journal of the Linnean Society, 2002, 189, 159-170



SYSTEMATICS OF THE TRIBE PODALYRIEAE 169

Fitch WM. 1971. Towards defining the course of evolution:
minimum change for a specified tree topology. Systematic
Zoology 20: 406-416.

Hamby RK, Zimmer EA. 1992. Ribosomal RNA as a phylo-
genetic tool in plant systematics. In: Soltis PS, Soltis DE,
Doyle Jd, eds. Molecular systematics of plants. London:
Chapman & Hall, 50-91.

Harvey WH. 1862. Leguminosae. In: Harvey WH, Sonder OW,
eds. Flora Capensis. Dublin: Hodges Smith.

Hsiao C, Chatterton NJ, Asay KH, Jensen KB. 1995.
Molecular phylogeny of the Pooideae (Poaceae) based on
nuclear rDNA (ITS) sequences. Theoretical and Applied
Genetics 90: 389-398.

Huelsenbeck JP, Bull JJ, Cunningham CW. 1996. Com-
bining data in phylogenetic analysis. Trends in Ecology and
Evolution 11: 152--158.

Hutchinson J. 1964. The genera of flowering plants, Vol. 1.
Oxford: Oxford University Press.

Kiss E, Wink M. 1996. Molecular evolution of the Legumi-
nosae: phylogeny of the three subfamilies based on rbcL-
sequences. Biochemical Systematics and Ecology 24: 365—
378.

Kim K-J, Jansen RK. 1994. Comparison of phylogenetic
hypotheses among different data sets in dwarf dandelions
(Krigia, Asteraceae): additional information from internal
transcribed spacer sequences of nuclear ribosomal DNA.
Plant Systematics and Evolution 190: 157-185.

Kluge AG. 1989. A concern for evidence and phylogenetic
hypotheses among Epicrates (Boidae: Serpentes). Systematic
Zoology 38: 7-25.

Manos PS. 1997. Systematics of Nothofagus (Nothofagaceae)
based on rDNA spacer sequences (ITS): taxonomic congru-
ence with morphology and plastid sequences. American
Journal of Botany 84: 1137-1155.

Polhill RM. 1976. Genisteae (Adans) Benth. & related tribes
(Leguminosae). Botanical Systematics 1: 143—368.

Polhill RM. 1981a. Papilionoideae. In: Polhill RM, Raven PH,
eds. Advances in legume systematics, 1. Kew: Royal Botani-
cal Gardens, 191-208.

Polhill RM. 1981b. Tribe 28. Lipariea (Benth.) Hutch. In:
Polhill RM, Raven PH, eds. Advances in legume systematics,
1. Kew: Royal Botanical Gardens, 398.

Polhill RM. 1994. Classification of the Leguminosae. In:
Southon IW ed. Phytochemical dictionary of the Legumi-
nosae, 1. London: Chapman & Hall, xxxv-1vii.

Pridgeon AM, Bateman RM, Cox AV, Hapeman JR, Chase
MW. 1997. Phylogenetics of subtribe Orchidinae (Orchi-
doideae: Orchidaceae) based on nuclear ITS Sequences. 1.
Intergeneric relationships and polyphyly of Orchis sensu
lato. Lindleyana 12: 89-109.

Reeves G, Chase MW, Goldblatt P, de Chies T, Lejeune B,
Fay MF, Cox AV, Rudall PJ. 2001. A phylogenetic analy-
sis of Iridaceae based on four plastid sequences: ¢rnl intron,
trnL-F spacer, rps4 and rbcL. American Journal of Botany
88: 2074-2087.

Sang T, Crawford DJ, Kimand S-C, Stuessy TF. 1994.
Radiation of the endemic genus Denderosis (Asteraceae) on

the Juan Fernandez Islands: evidence from sequences of the
ITS region of nuclear ribosomal DNA. American Journal of
Botany 81: 1494-1501.

Savard L, Michaud M, Bousquet J. 1993. Genetic diversity
and phylogenetic relationships between birches and alders
using ITS, 185 rRNA, and rbcL gene sequences. Molecular
Phylogenetics and Evolution 2: 112-118.

Schutte AL. 1995. A taxonomic study of the tribes Podalyrieae
and Liparieae (Fabaceae). Unpublished PhD Thesis, Rand
Afrikaans University, Johannesburg.

Schutte AL. 1997a. Systematics of the genus Cyclopia Vent.
(Fabaceae: Podalyrieae). Edinburgh Journal of Botany 54
(2): 125-170.

Schutte AL. 1997b. A revision of the genus Xiphotheca
(Fabaceae). Annals of the Missouri Botanical Garden 84:
90-102.

Schutte AL, Van Wyk B-E. 1998a. Evolutionary relationships
in the Podalyrieae and Liparieae (Fabaceae) based on mor-
phological, cytological, and chemical evidence. Plant Sys-
tematics and Evolution 209: 1-31.

Schutte AL, Van Wyk B-E. 1998b. The tribal position of
Hypocalyptus Thunberg (Fabaceae). Novon 8: 178-182.

Schutte AL, Van Wyk B-E. 1994. A reappraisal of the generic
status of Liparia and Priestleya (Fabaceae). Taxon 43: 573~
582.

Soltis DE, Kuzoff RK. 1995. Discordance between nuclear
and chloroplast phylogenies in the Heuchera group (Saxifra-
gaceae). Evolution 49: 727-742.

Suh Y, Thien LB, Reeve HE, Zimmer EA. 1993. Molecular
evolution and phylogenetic implications of internal tran-
scribed spacer sequences of ribosomal DNA in Winteraceae.
American Journal of Botany 80: 1042-1055.

Swofford DL. 1998. PAUP*. Phylogenetic Analysis Using
Parsimony, version 4.0. Sunderland, MA: Sinauer Associates
Inc.

Van Wyk B-E. 1986. A revision of the genus Virgilia
(Fabaceae). South African Journal of Botany 52: 347-
353.

Van Wyk B-E, Schutte AL. 1994. Stirtonia, a new genus of
the tribe Podaiyrieae (Leguminosae) from South Africa.
Nordic Journal of Botany 14: 319-325.

Van Wyk B-E, Schutte AL. 1995. Phylogenetic relationships
in the tribes Podalyrieae, Liparieae and Crotalarieae. In:
Crisp MD, Doyle JJ, eds. Advances in legume systematics, 7.
Kew: Royal Botanical Gardens, 283-308.

Van Wyk B-E, Verdoorn GH. 1995. Optical rotation of
quinolizidine alkaloids: an important variable in chemosys-
tematic studies of Fabaceae. Plant Systematic and Evolution
198: 267-274.

White TL, Bruns T, Lee S, Taylor JW. 1990. Amplification
and direct sequencing of fungal ribosomal RNA genes for
phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White
TJ, eds. PCR protocols, a guide to methods and applications.
London: Academic Press, 325-322.

Wiens JdJ. 1998. Combining data sets with different phyloge-
netic histories. Systematic Biology 47: 568-581.

Wojciechowsk MF, Sanderson MH, Baldwin BG,

© 2002 The Linnean Society of London, Botanical Journal of the Linnean Society, 2002, 139, 159-170



170 M. VAN DER BANK ET AL.

Donoghue MJ. 1993. Monophyly of aneuploid Astragalus
(Fabaceae): evidence from nuclear ribosomal DNA internal
transcribed spacer sequences. American Journal of Botany
80: 711-722.

Yakovlev GP. 1991. Bobovye Zemnago Shara. St Petersburg:
Nauka .

Yoder AD, Irwin JA, Payseur BA. 2001. Failure of the ILD
to determine data combinability for slow loris phylogeny.
Systematic Biology 50: 408—424.

Yokota Y, Kawata T, Tida Y, Kato A, Tanifuji S. 1989.
Nucleotide sequence of the 5.8S rRNA gene for phylogenet-
ics. Journal of Molecular Evolution 29: 294-301.

© 2002 The Linnean Society of London, Botanical Journal of the Linnean Society, 2002, 139, 159-170



