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Abstract" Cypripedioideae (Orchidaceae) have been the subject of numerous taxonomic 
treatments with conflicting interpretations of relationships among the five genera and the 
150-170 species. We have produced nuclear ribosomal ITS nucleotide sequences for nearly 
100 slipper orchid species and used parsimony analysis to investigate their relationships. 
Our results demonstrate that each genus, as currently circumscribed, is monophyletic 
(Mexipedium and Selenipedium being represented by a single taxon). Like rbcL data, ITS 
sequences place Mexipedium sister to Phragmipedium. Relationships at the sectional level 
in Paphiopedilum are largely as described by CRrBB. However, the division of 
Paphiopedilum into subgg. Brachypetalum and Paphiopedilum is not supported; subg. 
Brachypetalum is paraphyletic to subg. Paphiopedilum. Phragmipedium species are 
divided into the same three major clades as in the taxonomic scheme of McCooK. The 
plicate-leaved genera, Cypripedium and Selenipedium, are successive sister groups to the 
rest of the subfamily, confirming generally held opinions that they display plesiomorphic 
characters compared to the conduplicate-leaved genera. A survey of karyotypes in the 
context of the ITS tree reveals a general trend toward increased chromosome number, 
probably brought about by centric fission. These data also accord with a previously 
suggested biogeographic hypothesis of a widespread Northern Hemisphere distribution, 
followed by range fragmentation due to Miocene cooling. 

The orchid subfamily Cypripedioideae LINDLEY has been considered a distinct 
lineage since LINDLEY (1840) separated them by virtue of their possession of two 
fertile anthers and the mistaken belief that they all possessed unilocular ovaries. 
Despite this oversight, the subfamily is clearly circumscribed by a number of 
synapomorphies which include a deeply saccate labellum, two fertile stamens, a 
shield-like staminode and a synsepal composed of the fused lateral sepals. 

The distinct morphological characteristics of slipper orchid flowers have 
fascinated botanists and horticulturists for well over a hundred years. Their flowers 
are highly modified to attract pollinating bees and flies by deceit (Dm~SSLER 1993). 
Those insects enticed into the inflated median petal, or labellum, may escape from 
the flower only by passing the stigma and anther where pollen masses are removed 
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and/or deposited. Reliance upon such a complex pollination mechanism has no 
doubt been a significant constraint on the evolution of floral diversity and makes 
Cypripedioideae an instantly recognisable orchid group. 

Slipper orchids have a wide geographical distribution and occupy diverse 
habitats. They range from trunk epiphytes in wet tropical forests and tall bamboo- 
like shrubs in lowland tropical understories to terrestrial herbs in Arctic zones. The 
five genera of slipper orchids occupy individual geographical ranges that are much 
more restricted. Selenipedium RCHB. f. and Phragmipedium ROLFE are restricted to 
northern South America and Mesoamerica, whereas Cypripedium L. is widely 
distributed throughout most of the temperate Northern Hemisphere. Mexipedium 
V. A. ALBERT & M. W. CHASE is a narrow endemic, found only in the state of 
Oaxaca in Mexico, whereas Paphiopedilum PFITZER is distributed from the 
Himalayas and southern China through Malaysia to Guadalcanal. Paphiopedilum 
druryi (BEDD.) STEM occurs only in southern India. No slipper orchids are known 
from Africa or Australia. 

Some taxonomists take the view that, in addition to the apostasioids, the slipper 
orchids form an "ancestral" group of orchids insofar as they are likely to 
approximate the hypothetical orchid ancestor (Dv, ESSLER & DODSON 1960). 
However, anatomical studies by STERN & al. (1993) found no evidence to support 
the view that apostasioids are "primitive" orchids, a view that could be carried 
over to the cypripedioids as well. Until outgroup relationships are better known, 
these hypotheses are highly speculative. Recent studies of rbcL have identified 
several potential outgroups, but these require further work because they themselves 
are poorly known (Dvd~SSLER & CHASE 1995, CHASE & al. 1995). RASMUSSEN in 
DAm~6m~N & al. (1985) elevated the Cypripedioideae to family rank and treated it 
as the sister group to Orchidaceae s. str. Despite this, the precise relationships 
between diandrous and monandrous orchids remain to be clearly defined. Recent 
molecular studies (CHASE & al. 1994; CAMERON & al., unpubl.) have largely 
supported the position of Cypripedioideae as a distinct and potentially ancestral 
group (i.e. one that is sister to the rest of Orchidaceae excluding Apostasioideae). 

The cypripedioids have received much attention from taxonomists in the last 
two centuries (LmNAEUS 1753; RAFINESQUE 1836; L~r)LEY 1840; REICHEr,rgACn 1854; 
PFrrzER 1888, 1894, 1903; ROL~ 1896; HALLIER 1897; KRAZNZLIN 1897; BRIE6ER 
1971; Aa'WOOD 1984). Great interest in the plants has prompted a large number of 
studies and revisions that often conflict with each other (Table 1). Following 
descriptions of the first species over two hundred years ago, there was a long period 
of instability in generic nomenclature. LrNNazus (1753) recognised only one 
species and a number of varieties. LINOL~¥ (1840) recognised 22 species, all of 
which he placed in Cypripedium. REICHENBACH (1854: 1) recognised ovary 
condition as an important character and created Selenipedium which initially 
comprised all taxa with unilocular ovaries. BEYrHAM & HOOI, mR (1883) recognised 
both genera (sensu REIC~NBACH). PvrrzER (1886) segregated the conduplicate- 
leaved taxa into Paphiopedilum, and RoLw (1896) followed this by transferring all 
Neotropical conduplicate taxa to Phragmipedium. Following a period of confusion 
over this set of nomenclatural changes, most authors now recognise four genera. 
Recently a fifth genus, Mexipedium, was created to resolve conflicting taxonomic 
characters in Phragmipedium and Paphiopedilum (ALBErrr & CUASE 1992). ALBERT 
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PETTERSSON (1994) recently combined all conduplicate genera (Paphiopedilum, 
Mexipedium and Phragmipedium) under Paphiopedilum. 

Generic boundaries in Cypripedioideae have traditionally been defined using a 
combination of four characters: leaf type, vernation, locule number and 
placentation. Unfortunately, all are individually inconsistent. Reliance upon these 
"critical" characters has been questioned (ATWOOD 1984), although no more 
obvious ones have yet been found (a number of correlated but cryptic characters 
exist, e.g., perianth aestivation and persistence after flowering). Paphiopedilum, 
Phragmipedium and Mexipedium have conduplicate leaves, and Selenipedium and 
Cypripedium have plicate leaves. Paphiopedilum and Cypripedium are unilocular 
with parietal placentation, whereas Selenipedium and Phragmipedium are trilocular 
with axile placentation. The recent description of conduplicate-leaved Phragmi- 
pedium xerophyticum SOTO, SALAZAR & HAGSATER (SOTO & al. 1990) served only to 
blur the distinctions among existing genera because it possesses a mixture of 
Paphiopedilum-like and Phragmipedium-like features. Its New World distribution 
(Mexico) is like that of Phragmipedium, but it possesses unilocular ovaries like the 
Old World genus Paphiopedilum. Phragmipedium xerophyticum may be distin- 
guished from Paphiopedilum by having branched racemes and valvate sepal 
aestivation. Because of its mixed suite of characters ALBERT & CHASE (1992) 
transferred Phragmipedium xerophyticum to a new monotypic genus, Mexipedium. 
Although ALBERT 8Z PETTERSSON'S (1994) combination of all conduplicate-leaved 
genera under Paphiopedilum has not been widely accepted, and the three 
conduplicate genera are still generally recognised, this union certainly solved many 
of the apparent inconsistencies in slipper orchid taxonomy. 

The boundaries of most genera have been supported by crossing experiments. 
Extensive horticultural interest in the slipper orchids has resulted in many 
interspecific and complex hybrids being produced. As yet no verified intergeneric 
hybrids have been registered, although Mexipedium xerophyticum has been crossed 
with many Phragmipedium species (H. KooPowITZ, pers. comm.). Hybridisation 
has never been used as a generic character in orchids, and thus neither accords 
with, nor refutes, either the generic status of Mexipedium or the broad concept of 
Paphiopedilum (sensu ALBERT & PETTERSSON 1994). 

To investigate further the nature of these generic and subgeneric relationships 
we have obtained DNA sequence data for nearly 100 of the 122 slipper orchid 
species (DRESSLER 1993) and here demonstrate that the division of Cypripedioideae 
into five genera is entirely appropriate from the perspective of monophyly. 
Although botanists have always been able to suggest taxon groupings, few 
hypotheses of relationships among these groups have been advanced (but see 
ALBERT 1994). We have conducted the most comprehensive molecular study of an 
orchid subfamily to date and interpret our findings with reference to existing 
morphological, cytological and biogeographic data. 

Materials and methods 

Plant material. Details of plant materials, voucher information, chromosome numbers and 
geographical distributions are listed in Table 2. Vouchers are located in the Royal Botanic 
Gardens, Kew Herbarium (K) and/or the Kew spirit collection. Karyotype data are from 
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KARASAWA (1979), KARASAWA & Aoyama (1986, 1988), KARASAWA • TANAKA (1981) and 
ATWOOD (1984). Within Cypripedioideae generic delimitations are controversial: AVC, 
AMR and MWC prefer to recognize five genera whereas VAA prefers to recognize three; 
the former circumscription is used throughout this paper. 

Molecular techniques. DNA was extracted from either fresh or silica-gel dried 
material (CHASE & HILLS 1991) according to the methods described by DOYLE & DOYLE 
(1987). Nuclear ribosomal internal transcribed spacers were amplified using the methods 
and primers described by BALDWIN (1992). Amplified double stranded DNA fragments 
(-750bp) were purified using the "Wizard" DNA cleanup system (Promega) and directly 
sequenced on an ABI 373A automated sequencer using standard dye-terminator chemistry 
following manufacturer's protocols (Applied Biosystems Inc.). For sequence editing and 
assembly of the two complimentary strands, "Sequence Navigator" and "AutoAssembler" 
(Applied Biosystems Inc.) were used. Generally two sequencing reactions per taxon were 
required and in most cases greater than 80% strand overlap was achieved. 

DNA sequences were aligned by eye and using ClustalW for Power Macintosh 
(THOMPSON & al. 1995). Gaps were coded as missing values. Although regions of insertion/ 
deletion ("indel") activity were found, no sequence data were excluded from the analysis. 
Six species of Vanilla MmL. were designated as outgroup taxa. All cladistic analyses were 
performed using PAUP version 3.1.1 (SwovFoRD 1993). The data matrix was analysed in the 
first place using 150 replicates of random taxon addition order, tree bisection-reconnection 
(TBR) branch swapping, MULPARS, and with all character transformations weighted 
equally and unordered (Fitch parsimony; FrTCH 1971). Only ten trees were saved from each 
replicate, which minimises the large amounts of time searching on sub-optimal "islands" 
with thousands of trees (MADDISON 1991). All trees thus collected were used as starting 
trees, with MULPARS on, in a heuristic search with the same search and weighting criteria 
mentioned above until the number of trees exceeded memory capacity (approximately 
8000 trees were swapped). Successive weighting was used to improve the data matrix 
(FARP, IS 1969) rather than as a means of selecting a subset of most parsimonious trees 
(CAaPENTER 1988). A random subset of 2000 most-parsimonious trees retained during 
branch swapping was selected for successive weighting. Different random subsets were 
tested without influence on resulting weighted trees. Tree and character manipulations were 
performed using MacClade version 3.05 (MADDISON & MADDISON 1992). Internal character 
support for various branching diagrams was assessed using 1000 bootstrap replicates and 
weights derived from successive weighting (FELsENSTEIN 1985) and by 10000 parsimony 
jackknife replicates with equal weights ("Parsimony Jackknifer" version 4.22; FARPJs & al. 
1996). 

Results 

The cladistic analysis of  102 taxa yielded more than 8000 most-parsimonious trees 
(the maximum permitted by available memory)  of length 3249 steps with a 
consistency index ( C I ) =  0.431 and a retention index ( R I ) =  0.784. Successive 
weighting identified 14 most-parsimonious trees of Fitch length 3250 steps 
(CI = 0.458, RI = 0.784). A generalised diagram of the strict consensus of all 14 
trees indicating generic relationships is shown in Fig. 1. Numbers above branches 
indicate nucleotide substitutions along each branch. Clades weakly supported by 
the jackknife procedure are indicated on all Figures with open circles, whereas 
those that receive strong support are indicated by filled circles. Arrows indicate 
branches that collapse in the strict consensus of all 14 trees. Numbers in 
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Paphiopedilum 
(sub-tropical/tropical Asia) 

• 67(88%) 

6(98%) 

72 

Phragmipedium 
(S, C America) 

Mexipedium 
(N America) 

Cypripedium 
(Worldwide temperate, C America) 

" Selenipedium 
(C, S America) 

~ Vanilla 

Fig. 1. Strict consensus of all 14 successively weighted, most-parsimonious trees indicating 
general cladistic relationships among the five slipper orchid genera, using Vanilla as an 
outgroup 

parentheses indicate percent support for 1000 bootstrap replicates using values 
determined during successive weighting. 

Insertion/deletion ("indel") activities in the ITS region are useful evolutionary 
events because they provide clear synapomorphies that can be used to group taxa 
with a degree of confidence. These characters may be analysed independently of 
the nucleotide sequence data if sufficient numbers exist in the data set to make such 
an analysis valuable. Within subg. Brachypetalum, P. niveum (RCHB. f.) STEIN and 
P. godefroyae (GODEFR.-LEBEUF) STEIN share a 13bp deletion (at nucleotide posi- 
tions 742-756) in the aligned matrix. In addition, all species comprising section 
Cochlopetalum share a 25bp deletion (at nucleotide position 173-196). Although 
these deletions are not coded as additional characters and are not included in the 
present analysis, they may be interpreted as additional evidence for the monophyly 
of these groups. No coincident indels occur across generic boundaries. All 
currently described genera are monophyletic (Selenipedium and Mexipedium are 
represented by a single taxon). 
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Fig. 2. Nucleotide substitution rates in Cypripedioid nuclear ITS sequences. A Number of 
fixed substitutions inferred at each base along the ITS sequence; a notable reduction in 
substitution rate occurs in the 5.8S rRNA coding region. B Transitiordtransversion ratios 

As expected, the rate at which substitutions are fixed varies along the length of 
the ITS region (see Fig. 2A). A mean of approximately five and three substitutions 
per nucleotide position occurs for ITS 1 for ITS2 respectively. The substitution rate 
within the 5.8S ribosomal gene coding region is noticeably lower. The transition to 
transversion ratio (Fig. 2B) varies from approximately 1.5:1 to 3:1; these are 
typical of non-coding DNA sequences. 

Despite a large number of most-parsimonious trees, a highly resolved 
consensus topology is recovered that describes species relationships within slipper 
orchid genera (Figs. 3-5). Poor resolution in Paphiopedilum sect. Barbata appears 
to be responsible for the high number of equally most-parsimonious trees. Species 
groupings in Paphiopedilum are largely as in CRIBS (1987; Table 3 and Fig. 3) with 
one important difference; section Concoloria [Paphiopedilum subg. Brachypetalum 
sect. Brachypetalum was used by CRIBB (1987) without citing the basionym; 
Paphiopedilum subg. Brachypetalum sect. Concoloria (KRAENZLIN) ALBERT & 
PETTERSSON (ALBERT & PETTERSON 1994) therefore has priority and will be used 
here] alone is sister to subg. Paphiopedilum. Subgenus Brachypetalum is therefore 
paraphyletic (Fig. 3). 

Taxon sampling in Phragmipedium is less complete than in Paphiopedilum, 
and this may contribute to the less clearly resolved relationships seen in this 
portion of the tree (Fig. 4). However, all subgeneric sections (sensu McCooK 1989) 
are clearly identifiable (Table 4). Mexipedium is sister to Phragmipedium, a 
position that receives significant support from the jackknife procedure. This agrees 
with the topology obtained from rbcL sequence data (ALBERT & CHASE 1992). 

The 18 species of Cypripedium included in this study form a monophyletic 
group which is sister to all conduplicate taxa (Figs. 1, 5). Cypripedium irapeanum 
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Paphiopedilum purpuratum 
Paphiopedilum javanicum 
Paphiopedilum appletonianum 
Paphiopedilum wardii 
Paphiopedilum caIlosum 
Paphiopedilum hookerae 
Paphiopedilum superbiens 
Paphiopedilum papuanum 
Paphiopedilum bullenianum 
Paphiopedilum barbatum 
Paphiopedilum argus 
Paphiopedilum hennisianum 
Paphiopedilum dayanum 
Paphiopedilum ciliolare 
Paphiopedilum acmodontum 
Paphiopedilum tonsum 
Paphiopedilum mastersianum 
Paphiopedilum schoseri 
PaphiopediIum urbanianum 
Paphiopedilum fowliei 
Paphiopedilum bougainvilleanu~ 
Paphiopedilum venustum 
Paphiopedilum sukhakulii 
Paphiopedilum lawrenceanum 
Paphiopedilum haynaldianum 
Paphiopedilum lowii 
Paphiopedilum parishii 
Paphiopedilum dianthum 
Paphiopedilum adductum 

• Paphiopedilum rothschildianum 
Paphiopedilum stonei 
Paphiopedilum supardii 
Paphiopedilum kolopakingii 
Paphiopedilum glanduliferum A 
Paphiopedilum glanduliferum B 
Paphiopedilum philippinense 
Paphiopedilum sanderianum l . . . .  

Paphwpeddum gratrzxtanum 
2 ~ Paphiopedilum insigne 

1 ~ t__v._ Paphiopedilum villosum 
11 115 Paphiopedilum charlesworthii 

[ | 4 Paphiopedilum exul 
6 22 . . 6 ~ . ~  Paphwpedtlum henryanura 

- ~ Paphiopedilum barbigerum 
2 • . Paphtopeddum tigrinum 

[ "~ Paphiopedilum druryi 
16 Paphiopedilum hirsutissimum 

I6 ,~ Paphiopedilum fairrieanum 
Paphiopedilum glaucophyllum 

7 (83%) - ~ Paphiopedilum victmariae 
w ~ Paphiopedilum victreginae 

i~'~ Paphiopedilum primulinum 
Paphiopedilum concolor 

1 96% l /  3( ) _ ~ Paphiopedilum bellatulum 
- 11-7~ '~' Paphiopedilum godefroyae 

7 Paphtopedtlum mveurn 
lOr~_ Paphiopedilum armeniacum 

7 12 . . . 12~2~2 paphtopeddum mtcranthum 
16(99%) -- ! ~ Paphiopedilum emersonii 

~ Paphiopedilum delenatii 
~ l a ~  Paphiopedilum malipoense 

Barbata 

Pardalopetalum 

Coryopedilum 

Paphiopedilum 

Cochlopetalum 

~ Concoloria 

Parvisepalum 

Fig. 3. One of the most parsimonious weighted trees showing cladistic relationships in the 
genus Paphiopedilum. The open bar indicates subg. Paphiopedilum and the solid black bar 
subg. Brachypetalum (both sensu CRmB 1987). Sectional limits (sensu CRmB 1987) are 
indicated by various shaded bars. Solid circles indicate clades strongly supported by the 
jackknife procedure (node score > 0.63); open circles indicate those that are weakly 
supported (node score > 0.5 but < 0.63). An arrow indicates the node that collapses in the 
strict consensus of all most-parsimonious weighted trees. ITS sequences from two 
accessions of P. glanduliferum ( B L U M E )  STEIN were determined, and are labelled "A" and 
"B" respectively 
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56(99%) Paphiopedilum 

f 70 (! 

0 -  
.2 

32(90% 

51 • . Phragmlpedtum caricinum [] 
6 t ~  Phragmipedium wallisii 

J ~.~ ] 7 Phragmipedium e x s t a m i n o d i u m  
3 . . Phragmipedium 

I 3 Phragmtpe&um lindenii 
I 9L~ "ZPhragmipedium warscewiczianum 

8 . , ~ -------~ Phragrngpedlurn caudatum 

I ~ Phragmipedium sargentianum 
L _ ~ - I . ~  Phragmipedium lindleyanum PlatypetaIum 

f - I ~I Phragmipedium kaieteurum 
18(99%) 9 

1 6 8 Phragmipedium czerwiakowianum 
9 7 Phragmipedium longifolium Lorifolia 

- 4 Phragmipedium pearcei 
23(100%~ t ~" Phragmipedium besseae 

122 Phragmipedium schlimii ~ Micropetalum 

72 Mexipedium xerophyticum 

Fig. 4. One of the most-parsimonious trees showing cladistic relationships in the genus 
Phragmipedium. Sectional limits (sensu McCooK 1989) are indicated by various shaded 
bars. Solid circles indicate clades strongly supported by the jackknife procedure (node 
score > 0.63) 

LLAVE & LEX., from Mexico and Guatemala, is sister to all other cypripediums 
which are distributed throughout the temperate Northern Hemisphere. Excluding 
C. irapeanum, the genus is divided into three clades which do not reflect 
relationships that may be inferred from their geographical distribution. Since taxon 
sampling is less complete in Cypripedium we refrain from making confident 
statements about species relationships. A more comprehensive study of the genus is 
nearing completion (Cox & CHASE, unpubl.). 

Support for relationships among the currently accepted slipper orchid genera is 
robust. The jackknife test (FARRIS & al. 1996) gave strong support (node score 
> 0.63) for the monophyly of Cypripedioideae, Cypripedium and the Mexipedium- 
Phragmipedium clade as well as for Phragmipedium alone. There was no support 
for the monophyly of either the conduplicate genera or Paphiopedilum (Fig. 1). 



212 A . V .  Cox & al.: 

o 
o 

c..; 
r~ 

o & 

,b  

© 

© 

2 

R 
O 

- I  
,,,¢, 

.) 

r., 
O 
O ?: 

t ' -  

< 

v,--I 

,-e 

r~  

a; 



Molecular phylogenetics of the slipper orchids 213 

70(99%) Conduplicate-leaved 
Slipper Orchids 

44 (100%) 

49(100%) 

12 

30(98%) I I 11 

12 Cypripedium calceolus 
4 ~  Cypripedium macrantham 

3~ 120 Cypripediumhimalaicum 
LI~181  Cypripediumsegawai 

Cypripedium pubescens 
Cypripedium passerinum 
Cypripedium reginae 
Cyp ripedium fla vum 

10 Cypripedium lichiangense 
1 6 ~  Cypripedium margaritaceum 

Cypripedium acaule 
~%)J 37r~ 3 Cypripedium guttatum 

Cypripedium yatabeanum 
5....~.5 Cypripedium formosanum 

5 3  Cypripedium califomicum 
64 Cypripedium fasciculatum 

Cypripedium plectrochilum 
Cypripedium irapeanum 
Selenipedium chica 

736 Vanilla barbata 1 
Vanilla aphylla 

27~ 2[~ Vanilla roscheri Outgroup 
4~, [ 18 Vanilla imperialis 
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Fig. 5. One of the most-parsimonious weighted trees showing cladistic relationships in the 
genus Cypripedium. Solid circles indicate clades strongly supported by the jackknife 
procedure (node score > 0.63) 

Discussion 

The systematic inferences that can be drawn from ITS nucleotide sequences are in 
general agreement with previous studies of the slipper orchids. Although overall 
internal support for the ITS tree is not high, confidence in the topology is gained 
from congruence with previous taxonomies as well as many morphological, 
anatomical and cytological data. Such congruence establishes ITS as a reliable 
indicator of phylogenetic relationships at higher levels within and among genera. It 
is unlikely that such a comprehensive agreement with the ITS tree should occur by 
chance, and thus many of the weakly supported groupings appear more reasonable. 
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It is within the context of the basic congruence between molecular and non- 
molecular data that we discuss several aspects of the overall topology that are 
weakly supported by the ITS data alone. The lack of support for some groups (e.g. 
Paphiopedilum) may be due to problems with DNA alignment which could inject a 
degree of randomness into the data. For this reason use of ITS sequences for 
phylogenetic analyses at the subfamily level or above may be problematic in the 
orchids. 

Selenipedium/Cypripedium. The conduplicate-leaved genera Selenipedium 
and Cypripedium form the first two successively diverging branches. This agrees 
with general views that these two genera possess what have been described as 
plesiomorphic character states, e.g. plicate leaves, crustose seeds (in the case of 
Selenipedium) and multiple-flowered inflorescences. However, the precise status of 
these characters in Orchidaceae is uncertain, and more detailed investigations are 
needed to determine their general distribution. Until such characters are better 
understood it is too speculative to assume that these are "primitive"; instead they 
could be autapomorphies. Many of these assessments depend upon knowing more 
about outgroup characters, and this topic is presently poorly examined. 

Cypripedium irapeanum is sister to the rest of the genus (Fig. 5). This taxon 
resembles the most "primitive" slipper orchid genus, Selenipedium, in general 
plant habit, flower lip morphology, possession of two purple spots on the involute 
lip margin and multiple-flowered inflorescences. Selenipedium has been considered 
by some (e.g. Rosso 1966) to grade into Cypripedium via C. irapeanum. 
Relationships within Cypripedium (Fig. 5) are well resolved, relatively well 
supported and the subject of a separate study (Cox 1995) that will be described 
elsewhere (Cox & al., unpubl.). 

A notable feature of the most parsimonious trees recovered from our analysis is 
the unusual distribution of terminal branch lengths. Figure 3 (genus Paphiopedi- 
lure) shows instances in which morphologically similar taxon pairs have either 
long or short branch lengths. For example, the morphologically similar P. insigne 
(WALL. ex LINI)L.) PFITZER and P. gratrixianum (MASTERS) GULL are separated by 
just three substitutions; contrasted with this are two accessions of P. glanduliferum 
(BLtnWE) STEIN ("A" and "B") that are separated by 37 substitutions. Additionally, 
morphologically similar species, such as P. wardii SUMMERIa. and P. sukhakulii 
ScrtosEt~ & SENCI-IAS are widely separated in sect. Barbata. 

The unusual distributions of branch lengths and taxa suggest that the results of 
this large analysis may be distorted by inadvertent analysis of paralogous ITS 
sequences (MCDADE 1990, 1992; RrESEBERa 1990). Paralogous ITS copies may 
arise by several routes. Duplication of chromosomal segments bearing nucleolar 
organisers may occur; multiple secondary constrictions have been reported in 
slipper orchids (KARASAWA 1979). Amplification in vitro of duplicated but 
subsequently diverged DNAs may lead to random recovery of paralogous copies. 
Alternatively, some species may have undergone non-observed hybridisation. 
Introgression through successive back-crossing to one parent may lead to offspring 
that genetically resemble one parent but morphologically resemble the other. Use 
of characters displaying such reticulating histories will inevitably lead to recovery 
of a phylogeny that is a mixture of both gene and species trees; the relative 
contributions of each tree type to the overall phylogeny is difficult to estimate. The 
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likelihood of recovering trees that are distorted by such factors will increase as the 
size of the data set increases. Thus the misleading effects that paralogous 
sequences introduce must be considered carefully when interpreting phylogenies 
from DNA sequences that are obviously susceptible to reticulating patterns of 
inheritance (i.e. like ITS rDNA sequences). 

Paphiopedilum. Subgenus Brachypetalum was erected to circumscribe a 
group of "primitive" or "basal" taxa. Originally comprised of only the species of 
sect. Concoloria, the subgenus has been divided and expanded to include sect. 
Parvisepalum following their relatively recent discovery. Although most species in 
sect. Concoloria have been known for 100 years, those in sect. Parvisepalum have 
only been discovered since 1950 and most after 1980. The two sections were 
grouped because they share flowers with similar involute lip margins (R CR~BB, 
pers. comm.), although detailed examination of floral structures does not reveal 
evidence of other similarities. This type of labellum morphology would appear to 
be plesiomorphic for the Cypripedioideae. CRIBB (1987) suggested that the 
resemblance in lip morphology may be the result of parallel pollinator pressure 
rather than being the truly plesiomorphic condition; this is not a parsimonious 
explanation from the perspective of our trees. Our results indicate (albeit weakly) 
that subg. Brachypetalum is not monophyletic; all species of a monophyletic 
section Parvisepalum are together sister to a clade containing the remaining 
Paphiopedilum species. 

Section Parvisepalum has been considered by CHEN & Tn (1984) to be the 
"link" group between Paphiopedilum and Cypripedium. This is again based on 
observations that these species have flowers that bear a strong resemblance to those 
in both Cypripedium and Selenipedium. The Parvisepalum group may legitimately 
be considered a "link" because it occupies a position that is sister to the rest of the 
genus and has also retained Cypripedium-like flower characteristics. However, to 
view the group as "primitive" simply on the basis of gross floral morphology 
would be questionable; sect. Parvisepalum has undergone considerable vegetative 
and molecular divergence from both Cypripedium and Selenipedium (Fig. 1). 

Although weakly supported, all other sections of subg. Paphiopedilum are as 
described by CRIBB (1987) with the exception of sectt. Pardalopetalum and 
Coryopedilum (Fig. 3). Taxa of these two sections form a single clade with species 
in sect. Coryopedilum forming a series paraphyletic to those of sect. 
Pardalopetalum. Both P. rothschildianum (RCHB. f.) STEIN and P. adductum ASHER 
are successive sister taxa to sect. Coryopedilum (sensu CRIBB 1987). 

As suggested by ATWOOD (1984), sect. Barbata is the most derived section in 
Paphiopedilum and mostly comprises species that are narrow endemics often found 
only on single Malaysian islands. Section Barbata has probably undergone a 
recent, rapid radiation which likely accounts for the short branch lengths in this 
clade. 

To reconcile intrageneric nomenclature with the monophyletic taxa identified 
here, we would consider the following changes to genus Paphiopedilum (but are 
not making these without further study): (i) elevation of sect. Concoloria to subg. 
Brachypetalum; (ii) elevation of sect. Parvisepalum to subgeneric rank; (iii) 
combination of sect. Coryopedilum with sect. Pardalopetalum; and (iv) elimination 
of the subsectional groupings proposed by BRAEM (1988). These numerous 
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subsections containing only one or two species contributed little to systematic or 
phylogenetic understanding of the group. Few of the groups identified are 
supported, thus refuting this narrow approach based on trivial characters and 
intuition. 

The rate of change of ITS sequences in the Cypripedioideae is sufficient to 
ensure that nearly all accessions examined possess a unique sequence, although 
some, e.g.P, insigne and P. gratrixianum (MASTERS) GumI, are little diverged. It is 
difficult to distinguish an amount of sequence divergence that is significant when 
trying to differentiate species or populations. An arbitrarily chosen number of 
substitutions is unlikely to be correlated with morphological differentiation. 
Addition of taxa to investigate if they are "good species" would not a sensible way 
to investigate species boundaries. For example, examination of the branch lengths 
in Paphiopedilum sect. Pardalopetalum reveals as many substitutions inferred 
between the synonymized species P. parishii (RCHB. f.) STEr~ and P. dianthum T. 
TANC & F. T. WANG (CRIBB 1987) as have been inferred between the accepted 
species P. haynaldianum (RCHB. f.) STEIN and P. lowii (LINDL.) STEIN. 

The question of whether it is justifiable to assign synonomy or specific rank in 
such cases remains unresolved. In other cases a more definite decision can be 
reached; the synonomy of P. fowliei BmK and P. hennisianum (M. WOOD) FOWUE 
(CRmB 1987) is clearly refuted; the two are not even sister taxa. One possible 
explanation for the position of P. fowliei is that it is an introgressed individual with 
an ITS sequence resembling that of one parent and morphological characters 
resembling those of the other. 

Phragmipedium. Most taxonomic schemes place sect. Micropetalum sister to 
the rest of Phragmipedium, and our analysis supports these conclusions (Fig. 4). 
Phragmipedium besseae Doosoy & J. KuI-IN and P. schlimii LINDEN & RCHB. f., both 
of sect. Micropetalum, have inflated labella with involute lip margins, resembling 
sectt. Parvisepalum and Concoloria of Paphiopedilum, Mexipedium and most 
species of Cypripedium and Selenipedium. CRmB (1987) has suggested that this is a 
parallel adaptation to exploit similar pollinators; our results cannot confirm that 
this flower form is a plesiomorphic type, but they do not refute this or similar 
interpretations drawn by ALBERT (1994). This flower stereotype may be useful in 
attracting certain pollinators (mostly bees) and has subsequently been modified for 
attracting flies in both Paphiopedilum and Phragmipedium. 

Phragmipedium species relationships inferred from this study closely parallel 
those in the monograph of the genus by McCooK (1989), which was based 
primarily on morphological and isozyme data. McCooK synonymized P. 
kaieteurum (N. E. BR.) GARAY and P. sargentianum ROLFE under P. lindleyanum 
(LINDL.) ROLFE, and our data can do little to resolve this issue. The same is true for 
P. czerwiakowianum (RCHB. f.) ROLFE, which McCooK treats as a synonym of P. 
boissierianum (RCnB. f.) ROLFE, and for P. warscewiczianum (Rcrm. f.) GARAY, 
which she treats as a synonym of P. caudatum (LINDL.) ROLFE. We have been unable 
to obtain tissue of P. vittatum (VEU~.) ROLFE and P. klotzchianum (Rcrm. f.) ROLn~. 
The only discrepancy between our findings and McCooK's scheme concerns the 
relationship of P. pearcei (RcnB. f.) RAUH & SENOHAS. McCooK included this 
species in sect. Phragmipedium, but our data place it in sect. Lorifolia as sister to 
Phragmipedium longifolium (RcHB. & WARSC.) ROLFE. With a diploid chromosome 
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number of 20-22, P. pearcei appears better placed in sect. Lorifolia in which the 
range in chromosome number is 18 -22, rather than in sect. Phragmipedium which 
generally have 28 chromosomes (see Table 2). 

Mexipedium. The description of Mexipedium highlighted a number of internal 
conflicts in generic delimitation of the conduplicate genera. ALBERT & PEa'TERSSON 
(1994) attempted to resolve these conflicts by combining all three conduplicate 
genera under Paphiopedilum. Our data place Mexipedium xerophyticum as the 
sister taxon to Phragmipedium. Such an arrangement receives significant support 
from the jackknife test (Fig. 1), and a similar topology has been recovered from an 
analysis of chloroplast rbcL sequences (ALBERT & CHASE 1992). 

Although similarities between the two genera may indeed be as significant as 
their differences, our results demonstrate a degree of divergence between 
Mexipedium and Phragmipedium that is comparable to that between conduplicate- 
and plicate-leaved genera (Fig. 1). AVC, AMP and MWC therefore suggest that 
division of the Cypripedioideae into five genera is most appropriate, although a 
strong supporting argument based on sequence divergence alone is insufficient to 
justify generic status. This finding makes Mexipedium one of the most interesting 
slipper orchids in many ways, for it may be pivotal in trying to understand 
biogeography and evolution in the subfamily. 

Biogeography. The ITS phylogenetic hypothesis for slipper orchids is difficult 
to reconcile with their present-day geographical distribution. It is tempting to 
hypothesise southern North America/Mesoamerica as the cradle of slipper orchid 
evolution since it supports today a significant number of the taxa that display 
plesiomorphic characters (Selenipedium, C. irapeanum, M. xerophyticum). One can 
confirm this idea by overlaying the ITS tree on geographical provinces (Fig. 6); 
generic branching events appear to be centred in this region. An interesting test of 
this hypothesis will occur when material of Cypripedium subtropicum CHEN & 
LAN~ becomes available for DNA analysis. This enigmatic species is known from a 
single collection in Tibet and bears a striking resemblance to several species of 
Selenipedium. 

The evidence favours a hypothesis that slipper orchids were once much more 
widespread and that their distributions are now largely relictual. ATWOOD (1984) 
proposed that the slipper orchids were once widespread in North America/Asia, a 
hypothesis also favoured by ALBERT (1994). Separation of the continents 
fragmented their original distribution; subsequent cooling and glaciation combined 
with range restriction has resulted in the complicated, discontinuous distribution 
pattern seen today. A boreotropical explanation is a likely scenario (WOLFE 1975; 
TIFFNEY 1985a, b; LAVIN & LUCKOW 1993). 

Cytology. The cytology of the slipper orchids has been studied extensively. 
Comprehensive accounts have been published for Paphiopedilum (KARASAWA 1979, 
1986; KARASAWA • TANAKA 1981; ATWOOD 1984; KARASAWA & AOYAMA 1988) and 
Phragmipedium (KAKASAWA 1980, ATWOOD 1984). Less is known about the 
chromosomes of Cypripedium, although counts for a number of species have been 
published (KARASAWA & AOYAMA 1986); neither Mexipedium nor Selenipedium has 
been examined. 

Figure 7 shows chromosome numbers (Table 2) plotted onto the strict 
consensus of all most-parsimonious trees with a "pseudo-regression" line 
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E Selenipedium 

Cypripedium 

~]T~ Paphiopedilum 

~ Phragmipedium 

• Mexipedium 

Fig. 6. Distribution map for the slipper orchids overlaid with the ITS phylogeny. This 
arrangement highlights the concentration of "deep" branching points in southern North 
America/Mesoamerica indicating a possible origin for the subfamily in this region. Since 
the exact migration route for Cypripedium is unclear from these trees, trans-oceanic 
branches are shown as dotted lines 

indicating the gradual trend toward increased chromosome number in more derived 
clades. The base chromosome number for Cypripedium is x = 10, which has been 
observed in nearly all species examined to date. Counts other than 2n = 20 are 
attributed to either polyploidy (rare in slipper orchids) or error. 

Chromosome numbers in species of the conduplicate-leaved genera display a 
wide range of variation. In most species of Phragmipedium the complement 
consists of variable numbers of metacentric or sub-metacentric chromosomes. The 
remainder of the complement comprises, almost invariably, telocentric chromo- 
somes (KARASAWA 1980). If all telocentrics are paired to form metacentrics, a 
nearly uniform number of 18 is recovered in Phragmipedium. 

In Paphiopedilum, most sections comprise species possessing 26 meta- or sub- 
metacentrics, often displaying a degree of bimodality; four large chromosomes are 
present with the remaining chromosomes gradually decreasing in size (KARASAWA 
1979). In two sections (Cochlopetalum and Barbata), chromosome numbers are as 
high as 37 and 41, respectively. In cases for which accurate karyotype data are 
known, telocentrics may be arranged so as to form 26 metacentric chromosomes. 
Studies of some species in sect. CochIopetalum reveal karyotypes that equate to 25 
metacentric chromosomes. This is thought to be due to the loss of a pair of 
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Fig. 7. Diploid chromosome number variation in the slipper orchids. Chromosome number 
on the vertical axis is plotted against position in the cladogram (horizontal "axis"). If sect. 
Barbara is considered the most derived clade (ATwooD 1984), a clear trend (indicated by a 
"pseudo-regression" line) toward increased chromosome number can be identified. 
Generic limits are indicated by shaded bars. Section Barbata in the genus Paphiopedilum, 
which has the highest chromosome numbers in the subfamily, is indicated by reversed 
shading. M Mexipedium, S Selenipedium 

telocentric chromosomes (KARASAWA 1979). It would therefore appear that 26 is the 
ancestral number in Paphiopedilum just as 18 is in Phragmipedium. 

Since nuclear DNA amount is known for only a single slipper orchid species 
(Paphiopedilum insigne: 4C = 82.4 pg; Cox & al. 1993) we are unable to determine 
whether there has been any general tendency to changes in genome size during 
phyletic diversification. Similarly, it is also unknown whether slipper orchids 
possessing more chromosomes than the base number for their genus have the same 
genome size. 

The first application of these chromosome data to a phylogenetic hypothesis for 
the slipper orchids clearly demonstrates several conspicuous changes from 
symmetric to asymmetric karyotypes. These observations raise the question of 
why such a marked difference in karyotype symmetry should occur. Centric fission 
has clearly played a major role in karyotype evolution in some slipper orchid 
groups (KARASAWA 1979, KARASAWA & TANAKA 1980). The latent karyotype 
numbers of 26 metacentrics in Paphiopedilum and 18 metacentrics in Phragmi- 
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pedium are compelling evidence for fragmentation of the nuclear genome in these 
genera. Such fragmentation may be attained in different ways. Centromeres may 
have become unstable in some groups, leading to chromosome breakage. 
Alternatively, division of the nuclear chromatin among more chromosomes may 
confer a selective advantage to the plants. More chromosomes may permit an 
increased level of recombination at meiosis (S~BBINS 1971). Slipper orchids have 
not been observed to undergo apomixis, appear unable to harness polyploidy 
(possibly due to their already large genome size) and produce flowers that 
are highly modified to prevent self-fertilisation; changes that favour selection 
of asymmetric karyotypes may be a means of generating elevated levels of 
recombination. 

There are two exceptions to the generally consistent pattern of chromosome 
numbers in slipper orchid genera (apart from those mentioned above for some 
species in sectt. Cochlopetalum and Barbata). 

The first example of chromosome change is displayed by Paphiopedilum 
hookerae (RcHB. f.) STEIN; whereas nearly all members of Paphiopedilum sect. 
Barbata exhibit greatly elevated chromosome numbers, this species possesses 28 
chromosomes, none of which is telocentric. Its karyotype does, however, include 
two sub-telocentric chromosomes. These may have been derived from telocentrics 
with the centromeres being repositioned through the gain of terminal chromatin or 
by a pericentric inversion. 

A counter example is provided by Paphiopedilum druryi which has 30 
chromosomes (including 8 telocentrics), whereas the other species comprising 
Paphiopedilum sect. Paphiopedilum have 26 metacentric or sub-metacentric 
chromosomes. Paphiopedilum druryi is the only member of the section that 
appears to have undergone centric fission. This may be correlated with its narrow 
endemicity; it is the only slipper orchid to occur in southern India, restricted to the 
Travencore Hills, near Quilon. 

These observations can be correlated with the fact that slipper orchid species 
displaying highly asymmetric karyotypes are nearly all narrow endemics either far 
removed from the main centres of generic distribution (i.e.P. druryi) or on 
Malaysian islands such as Borneo, Java and Sumatra (CRm~ 1987). Some species 
are known only in single locations. The colonisation of such islands may require 
increased levels of generic variation to cope with the rigorously selective 
environments to which island floras may be subjected (STEBBINS 1971). An 
alternative but not mutually exclusive explanation is that island habitats may 
simply permit a greater fixation rate of chromosomal (and other) variation 
following from founder effect and effective inbreeding occuring within small 
populations occupying novel ecological niches. 

This study establishes the ITS rDNA region as a reliable indicator of 
phylogenetic relationships at higher levels within and among orchid genera. 
Investigations into species relationships may become complicated by atypically 
long branch lengths. This may indicate that ITS sequences are undergoing episodic 
evolutionary change or else phylogenetic analyses are misleading through recovery 
of paralogous copies of rDNA regions. However, in groups in which few other data 
are available ITS should be a good tool for exploratory examinations of taxonomic 
delimitations. 
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