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1

GENERAL INTRODUCTION

Taxonomic Problems in the Portulacaceous Cohort
The portulacaceous cohort or alliance generally refers to the four families
Basellaceae, Cactaceae, Didiereaceae, and Portulacaceae. These families belong to the order
Caryophyllales, which is strongly supported as monophyletic due to the presence of many
unique synapomorphies (Cronquist 1981). Succulence and a variety of adaptations to
xerophytism are found in several families of the order, including these four. In Cronquist's
view, the Portulacaceae and Basellaceae were sister lineages, while the Cactaceae and
Didiereaceae were more closely related to the Aizoaceae. The cohort was first recognized by
Thome (1976), and its monophyly is supported by both morphological data (Hershkovitz
1993) and rbcL sequence analysis (Rettig et al. 1992). Relationships among the four
constiment families are complicated by evidence (Hershkovitz and Zimmer 1997) that the
Cactaceae, Basellaceae, and Didiereaceae may all have arisen from within a paraphyletic
Portulacaceae.
The Portulacaceae comprise about 500 species in over 20 genera. Many of these are
highly modified succulents subjected to various selective pressures that may have
complicated traditional infrafamilial classifications based on morphology. Pax and
Hoffman's (1934) treatment of the family in Die natiirlichen Pflanzenfamilien recognized
two subfamilies; however, later researchers have unanimously rejected this taxonomy.
Recent attempts at classification have divided the family into as many as eight tribes
(Nyananyo 1990), with tribes consisting of only one or a few genera. Nevertheless, these
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classifications (see also McNeill 1974; Carolin 1987, 1993) propose directly conflicting
relationships among major genera.
As morphological smdies have failed to provide satisfactory understanding of
evolutionary pattem within the cohort, the use of molecular methods is desirable.
Hershkovitz and Zinmier (1997) performed a phylogenetic analysis of ITS sequences, which
indicated that the Portulacaceae were paraphyletic. The intent of the present research was to
use chloroplast DNA sequences to explore this finding fiarther, as weU as to achieve better
resolution of the major lineages within the Portulacaceae. Sequences of the chloroplast gene
ndhF were used to produce a phylogeny of the entire cohort. This gene evolves somewhat
faster than rbcL, providing considerable resolution at the familial level, but is not variable
enough to resolve closely related subclades in these plants. More rapidly evolving, noncoding
regions of chloroplast DNA were therefore employed to study evolutionary pattem within
two clearly monophyletic lineages, the Didiereaceae and Tribe Anacampseroteae.

Dissertation Organization
The first chapter of this dissertation, entitled "History of taxonomic classification in
the portulacaceous cohort," summarizes the progress of understanding of the relationships
among the four families of the cohort, from initial placement within different orders to the
recognition of close kinship. Additionally, the literature pertaining to classification solely
within the Portulacaceae is reviewed; major competing classifications are summarized, and
their shared features and inconsistencies are addressed. Areas of the family that have
presented particular taxonomic challenges are noted, as well as certain potentially
paraphyletic or polyphyletic generic concepts.
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The second chapter, entitled "Phylogeny of the portuJacaceous cohort based on ndhF
sequence data," is a manuscript prepared for submission to Systematic Botany. Technical
information is presented regarding the use of ndhF, including Caryophyllales-specific primer
sequences and suitable protocols. The results of phylogenetic analyses of sequences from
almost forty portulacaceous taxa are presented. The Portulacaceae sensu lato were divided
into two main lineages, one of which included the Cactaceae, Portulaca, Talinella, the
Anacampseroteae, and most of Talinum, and the other of which included the Basellaceae,
Didiereaceae, Portulacarieae, Calyptrotheca, the Western North American genera of
Portulacaceae, and all of the taxa formerly considered as Calandrinia sensu lato. Evidence is
presented that the generic circumscriptions of Talinum and Cistantke remain overly broad.
The congruence of these results with competing previous classifications is briefly discussed,
as are the possible implications for future classification of the cohort.
The third chapter, entitled "Phylogeny of the Madagascan endemic family
Didiereaceae," is a manuscript that has been submitted to Plant Systematics and Evolution.
The Didiereaceae are a family of eleven species with a unique vegetative morphology and a
very limited range. This paper, which uses sequences of three non-coding cpDNA regions,
presents the first evidence that the sister group of the family is the East African genus
Calyptrotheca, a result that is strongly supported. Very little cpDNA variation is observed
within the Didiereaceae, perhaps because they are the result of a very recent radiation or
because their very long generation times reduce evolutionary rate. Sufficient data are
available to support, if not strongly, the hypotheses that all presentiy recognized taxonomic
units are monophyletic, and that Alluaudiopsis is the basal lineage of the family.
The fourth chapter, entitied, "Molecular phylogeny and nomenclature in Tribe
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Anacampseroteae (Portulacaceae)," is a manuscript that is being prepared for submission to
Taxon. It examines the group of genera including Talinopsis, Grahamia, Talinaria, Xenia,
and Anacampseros, all but the last of which are monotypic according to the classification of
Gerbaulet (1992). Rowley (1994) produced a very different and controversial classification
of the tribe. Sequence data from the rpll6 intron are presented. At the generic level, this
paper contributes to the evidence that Rowley's (1994) treatment is wholly unacceptable.
However, Anacampseros sensu Gerbaulet is paraphyletic due to the exclusion of Talinaria. It
is suggested that transferring Talinaria coahuilensis to Anacampseros would improve the
classification. Additionally, Subgenus Tuberosae is shown not to be monophyletic.
Insufficient variation was found to adequately address classification within Anacampseros,
although some support for major groups was present.
Finally, general conclusions are presented and potential areas of future research into
the phylogeny of the portulacaceous cohort are proposed, including both further work that
should be done to strengthen the conclusions of the present study and detailed examinations
of specific clades within the Portulacaceae.
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HISTORY OF TAXONOMIC CLASSIFICATION IN THE PORTULACACEOUS COHORT

A review of the literature regarding classificatioa of the families of the
portulacaceous cohort, the Portulacaceae, Basellaceae, Cactaceae, and Didiereaceae, must
begin with a brief summary of the features of the order Caryophyllales, by which we know
that these families indeed belong to a monophyletic group of limited extent. The evolution of
taxonomic opinion regarding the affiliations of each family will be addressed separately,
after which recent findings that support the monophyly of the entire cohort will be
enumerated. Finally, infirafamilial classification of the Portulacaceae will be discussed in
detail.

Monophyly of the Order Caryophyllales
The order Caryophyllales sensu Cronquist (1968, 1981) includes the four families
here addressed plus the succulent Aizoaceae, which as will be seen has often been linked to
the above, the sometimes-recognized Achatocarpaceae, and the Phytolaccaceae,
Nyctaginaceae, Chenopodiaceae, Amaranthaceae, Molluginaceae, and Caryophyllaceae.
Cronquist was hardly the first author to observe the similarities among many of these taxa;
Alexander Braim's (1864) Caryophyllinae was almost identical to the modem concept. For
several decades, most authors not only excluded various families now included, but included
families now known to be unrelated, most especially the Polygonaceae (e.g. Eichler 1876;
Hallier 1912; Cronquist 1957), although some authors (see Eckardt 1976) appeared to use the
order as a convenient dvunping ground for troublesome families ranging from the Salicaceae
and Podostemonaceae (Bessey 1915) to the Crassulaceae (Hallier 1912). Cronquist (1981)
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placed the Polygonaceae and Plumbaginaceae in Subclass Caryophyllidae, but in separate
orders; molecular data (Giannasi et al. 1992) have since shown that these families are not
even closely related to the Caryophyllales.
It is known with considerable certainty that the order, as circumscribed by Dahlgren
(1975) or Cronquist (1981), is a natural group. Synapomorphies include a suite of
reproductive features, a campylotropous ovule, perisperm food reserves, and trinucleate
pollen being best known, that when taken together provide strong evidence of relatedness
(Mauritzon 1939; Maheshwari 1950). Behnke (1969) discovered that the order is
characterized by a unique type of sieve-element plastid, which according to the nomenclature
of Behnke (1991) is termed a type P3 plastid, with subtypes of P3cf, P3cfs, P3f, and P3fs
found within the order. This abbreviation indicates that the plastids contain protein
inclusions, and that in this order those inclusions take the form of a ring around the outer
portion of the plastid, a feature which Behnke (1991) found in no other angiosperms. The
best-known feature of the order is undoubtedly the assortment of pigments collectively
termed betalains (Mabry and Dreiding 1968), which are found in all pigment-containing
members of the order save the CaryophyUaceae and MoUuginaceae. For this reason, some
researchers (Reznik 1955; Mabry et al. 1963) felt it necessary to segregate the betalaincontaining taxa as a separate order Centrospermae or Chenopodiales. Cronquist (1981)
recognized a single order based on the many shared morphological features, placing the
MoUuginaceae and CaryophyUaceae as the most basal lineage on the assumption that they
had diverged from the remaining families before the evolution of betalains. Interestingly,
chloroplast-based molecular data that further support the order's monophyly, including rbcL
sequences (Rettig et al. 1992), ORF2280 sequences (Downie et al. 1997), and restriction site
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variation (Downie and Palmer 1994), do not support this view. Rather, the two anthocyanin
families do not consistently appear to be either sister groups or basal within the order,
suggesting that reversals to anthocyanin pigmentation have occurred.

Phylogenetic Affinities of the Basellaceae Moquin-Tandon
The Basellaceae, a family of about 20 species divided into four genera, have been
placed within the order Caryophyllales (or Centrospermae) without exception (see numerous
classifications, e.g. Hallier 1912, Bessey 1915, Cronquist 1957, Takhtajan 1966, Thome
1968). Many features unite them with the Portulacaceae, most conspicuously their floral
architecture, which includes two "sepals" and most commonly five "petals," presumed to
have their origin in bracteoles and sepals respectively. These two families have been almost
universally accepted as forming a natural group, although Hooker (1880) did attempt to lump
the Basellaceae into the Chenopodiaceae. The most recent thorough treatment of the family
(Sperling, 1987) continues to support a close relationship with the Portulacaceae.
Cronquist's (1981) concept of the Caryophyllales portrayed the Basellaceae as being
derived from the Portulacaceae, but separated most particularly by their vining habit. Indeed,
Franz (1908) subsumed the family into the Portulacaceae as a tribe in the "subfamily
Montioideae," a rank not currendy accepted, and particular similarities to tribe Montieae
have been observed (Bogle 1969), although Sperling and Bittrich (1993) argued that the
genus Talinum may represent a better portulacaceous sister group. Maheshwari Devi and
PuUiah (1975) presented differences in minor characters, including fruit type, inflorescence,
and placentation, which were said to justify exclusion of the Basellaceae from the
Portulacaceae. The first cladistic study of the order (Rodman et al. 1984), based on
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morphological data, appeared to show the Basellaceae and Didiereaceae (which share a
number of portulacaceous features) as sister groups, but the support for this relationship
largely collapsed on closer examination (Hershkovitz 1989).

Phylogenetic Affinities of the Cactaceae A. L. de Jussieu
The Cactaceae are a large family (perhaps as many as 2000 species) of xerophytes,
including the leafy plesiomorphic genera of Maihuenia and Pereskia and the derived stemsucculent subfamilies Opuntioideae and Cactoideae, the latter of which includes the vast
majority of cacti. Infrafamilial taxonomy is poorly understood and extremely complex (see,
for example, Barthlott and Hunt 1993). Braun's (1864) visionary classification included the
"Opuntiaceae" within the Caryophyllinae, as did Hallier (1912), but both Bessey (1912) and
Engler (1924) failed to recognize this relationship, giving the family its own order. Soo
(1967) did the same, despite the fact that Mauritzon (1939) observed characteristic
caryophyllalean embryological features in the cacti, and Gibbs (1945) noted the presence of
betalains in the family. These and other characters typical of the order have caused the cacti
to be included within the Caryophyllales in all recent competent classifications (e.g.
Dahlgren 1975; Thome 1976; Cronquist 1981.
With this recognition of the true affinities of the Cactaceae came a new possibility of
identifying the origin or the sister lineage of the family. Cronquist (1981) considered the
cacti, like other betalain families, to have arisen from the basal Phytolaccaceae, and to be
most closely related to the Didiereaceae and Aizoaceae. The putative sister-group
relationship between cacti and Aizoaceae seems to rest largely on obvious and comparatively
superficial features; succulence, epigyny, numerous tepals, and so forth. Rodman et al.'s
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(1984) disputed morphological cladistic analysis of the order also showed such a
relationship. However, other researchers observing the same plants have emphasized
similarities between the cacti and the Portulacaceae or Didiereaceae (e.g., Chorinsky 1931;
Gibson and Nobel 1986).

Phylogenetic Affinities of the Didiereaceae Drake del Castillo
The Didiereaceae comprise eleven species of woody, spiny plants endenaic to the dry
thom forest of southwestern Madagascar. Their unique morphology complicated early
recognition of their affinities. Missing from the earliest classifications of the Caryophyllales
or Centrospermae simply because they were not described until 1903, they were placed into
this order by Hallier (1912). The Didiereaceae were then referred to the Sapindales (Engler
1924), a misconception that took root (Hutchinson 1926). Takhtajan (1966), Cronquist
(1968) and Thome (1968) all placed them within the Caryophyllales. The family was
observed to possess trinucleate pollen (Rauh and Scholch 1965), betalain pigments (Mabry
1976), and type P3 sieve tube plastids (Behnke 1978). Serological affinities (Jensen 1965),
morphological features resembling those of certain Portulacaceae (Rauh and Scholch 1965),
and the feasibility of grafting Didiereaceae to cacti (Rauh and Dinklage 1972) helped to
confirm the correctness of this classification. Nevertheless, Rauh, writing in 1983, felt it
necessary to point out that the Didiereaceae do not properly fall within the Sapindales.
Cronquist (1981) portrayed the Didiereaceae as being related particularly to the cacti
and Aizoaceae, separate from the Portulacaceae, despite morphological features (Rauh and
Scholch 1965), including floral morphology, that closely resemble certain portulacaceous
taxa, especially the genera Portulacaria and Ceraria. Features including vegetative

11

morphology (e.g. Rauh 1983; Gibson and Nobel 1986) and serology (Jensen 1965) have
provided some basis for the assertion of a close link to the cacti. Rodman et al.'s (1984)
conclusion that the Didiereaceae were sister to the Basellaceae has since been effectively
challenged (Hershkovitz 1989), although Hershkovitz and Zimmer's (1997) ITS study lent
some support to this view

Phylogenetic Affinities of the Portulacaceae A. L, de Jussieu
The Portulacaceae are one of the core families of the Caryophyllales or
Centrospermae. As such, their affinities have never been in question. They have been placed
within this order in every classification (e.g. Braun 1864; Eichler 1876; Hallier 1912; Engler
1924; Cronquist 1957, 1981; Takhtajan 1966). Cronquist (1981) depicted the Portulacaceae
as a separate lineage arising from the basal Phytolaccaceae and giving rise to the Basellaceae.
As summarized above, the unity of the Portulacaceae and Basellaceae has been universally
accepted; the other two families discussed above have been linked to the Portulacaceae as
well, but with the complication that the cacti have also been considered a possible sister
group to the Aizoaceae (Cronquist, 1981). Although classical scholars of these taxa (e.g.
Endlicher 1839) did lump together taxa belonging to the Portulacaceae and Aizoaceae,
present knowledge argues strongly against a close relationship. All five of these families do
possess form-P3cf sieve element plastids (Behnke 1976, according to the terminology of
Behnke 1991), meaning that they contain both protein filaments and sizeable protein crystals;
these are the only families in the order (and hence in the whole of the angiosperms) that have
this plastid subtype. Rodman et al.'s (1984) disputed cladistic study produced a classification
including a "cohort Portulacares" that comprised the Portulacaceae, Basellaceae, Cactaceae,
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Didiereaceae, and Aizoaceae. Thome (1976) placed only the first four families in the
"Portulacinae." Hershkovitz (1993) summarized morphological evidence for relationships
among these families, even suggesting possible derivations of the latter three from specific
lineages of the Portulacaceae, but as they were not acmally included in his analysis, his
conclusions must be regarded as speculative.

Molecular Support for the Portulacaceous Cohort
At the ordinal level, molecular smdies have served well to define natural groups of
families. Chloroplast rbcL (Rettig et al. 1992) and ORF2280 (Downie et al. 1997) and
nuclear ITS sequences (Hershkovitz and Zimmer 1997) have all placed taxa belonging to the
Basellaceae, Cactaceae, Didiereaceae, and Portulacaceae together in a single clade, excluding
representatives of the Aizoaceae. The first two studies provided only weak resolution within
that clade: Rettig et al. (1992) found Portulaca sister to the cactus Schlumbergera, and either
the Didiereaceae or Basellaceae to be the most basal lineage. Downie et al.'s data showed
that the cacti were the basal lineage, with the other three families in a clade unresolved by
parsimony analysis; their maximum likelihood analysis suggested that the Portulacaceae
formed a paraphyletic grade, with the Didiereaceae and Basellaceae as a derived
monophyletic group. Downie and Palmer's (1994) limited study based on chloroplast
restriction site data and structural variations showed the Portulacaceae as being possibly
polyphyletic, with Claytonia related to the Didiereaceae and Basellaceae, and Portulaca to
the cacti. Tellingly, neither group showed any close affiliation to the Aizoaceae.
None of these cpDNA data sets included sufficient taxon sampling within the
Portulacaceae to rule out paraphyly of that family. Hershkovitz and Zimmer's (1997) ITS
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study of the cohort indeed showed the Basellaceae and Didiereaceae emerging from within
the Portalacaceae as presently defined, sister to the Portulacarieae. The cacti were more
derived within the family, sister to a clade including Talinum, Portulaca, and the
Anacampseroteae. Support for portions of the topology was weak, but the separation of the
whole assemblage from caryophyllalean outgroups was well established. In short, given the
weight of morphological features and molecular data uniting these four families, it can now
be concluded with great confidence that they do indeed constitute a monophyletic lineage,
excluding the Aizoaceae.

InfrafamiUal Classification of the Portalacaceae
Early concepts of the family. The tendency of early taxonomists such as Endlicher
(1836, based on Fenzl 1836, 1839) was to follow the lead of Jussieu (1789) who defined a
very broad group including several portulacaceous genera and several others that are, to our
eyes, clearly unrelated (e.g., Tamarixl). Endlicher's (1836) Genera Plantarum delimited
seven tribes within the "Portulaceae," of which only three include genera presently
recognized within the Pormlacaceae. These are the Sesuvieae, which includes Portulaca with
aizoaceous taxa, the monotypic Portulacarieae, and the Calandrinieae, which comprises
Anacampseros, Calandrinia, Calyptridium, Claytonia, Grahamia, Monocosmia, Montia, and
Talinum-, the basellaceous genus Ullucus was doubtfrilly placed here. Lewisia was recognized
as having an affinity to the Portulacaceae, but not placed within a tribe. Most of the presentday Aizoaceae sensu lato were placed within the family as well.
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TABLE 1. Pax and Hoffmann's (1936) taxonomy of the Poitulacaceae.
Subfamily Portulacoideae
Tribe Portulaceae
Subtribe Lewisiinae
Lewisia
Grahamia
Subtribe Portulacinae
Portulaca
Tribe Calandrinieae
Subtribe Caiandriniinae
Talinum
(Talinaria)
Calandrinia
Lenzia
Talinopsis
Anacampseros
Subtribe Calyptridiinae
Spraguea
Calyptridium
Monocosmia
Montiopsis
Calandnniopsis

Subfamily Montioideae
Claytonia
Montia
Wangerinia
"between Portulacaceae and Basellaceae"
Portulacaria
Ceraria
Phillipiamra
"of dubious position"
Talinella

The classification of Pax and Hoffmann. Pax and Hofftnann's (1936) classification,
which provided the basic framework of early twentieth-century taxonomy of the
Portulacaceae, is summarized in Table 1. This classification was largely based on that of
Franz (1908), with the major exception being that Franz divided the Montioideae into the
Montieae and the Baselleae, which included Portulacaria and the genera typically classified
as belonging to the Basellaceae.
Pax and Hoffinann's classification did not prove entirely satisfactory. There were
some clear misunderstandings: for example, Grahamia is now known qxaite certainly to be
affiliated with Anacampseros and Talinopsis, not with Lewisia (Gerbaulet 1992).
Suprageneric groups within the Portulacoideae, including the subfamily itself, have largely
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been rejected, perhaps because overly broad groups were seen to be delimited on the basis of
too few characters. The subfamily is defined by the ovary having a broad base rather than a
narrow stalk, and the Calandrinieae differentiated from the Portulaceae by having no more
than three carpels (versus more than three). Today, we would say that some of these taxa
were defined by symplesiomorphies that separated them from taxa defined by
synapomorphies; there is of course no reason to presuppose that the former represent natural
groups.
Recent classifications of the Portulacaceae. Several efforts have been made within
the last thirty years to produce an improved classification of the Portulacaceae (McNeill
1974; Carolin 1987, 1993; Nyananyo 1990); Table 2 presents a condensed comparison of
three of these. It has been difficult for researchers to identify large natural groups within the
family, so all of these recent revisions have limited classification to the tribal level, generally
grouping only a few genera that were seen as clearly related into each tribe. McNeill (1974),
Carolin (1987), and Nyananyo (1990) divided the family into seven, five, and eight tribes
respectively; Carolin (1993) later published a four-tribe classification that lumped the
Montieae into the Talineae.
Nevertheless, significant areas of incongruity exist among these treatments. It should
be noted that McNeill's (1974) and Nyananyo's (1990) efforts were not explicitly cladistic;
Carolin's (1987) smdy featured a cladistic analysis of morphological features, with the
"Cactaceae-Aizoaceae clade" used as an outgroup, an unformnate choice if the cacti may in
fact be part of the ingroup. While certain genera were reliably placed together (Ceraria and
Portulacaria; Claytonia and Montia; Anacampseros, Grahamia, and Talinopsis), other
genera were given a wide variety of putative relatives (Talinum, Calandrinid) and the
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TABLE 2. Comparison of classifications of the Portulacaceae by McNeill (1974), Caroliu
(1987), and Nyananyo (1990), with shared groups presented in parallel insofar as possible.
Asterisked tribes were combined by Carolin (1993) into the tribe Talineae.
McNeill

Nyananyo

Carolin

PORTULACAREAE
Ceraria
Portulacaria
Phillipiamra
PORTULACEAE
Portulaca

PORTULACARIEAE
Ceraria
Portulacaria

PORTULACARIEAE
Ceraria
Portulacaria

PORTULACEAE
Portulaca

PORTULACEAE
Portulaca
Talinopsis
Talinaria
Anacampseros
Grahamia

ANACAMPSERDEAE
Anacampseros
Grahamia

TALINEAE
Anacampseros
Grahamia
Talinopsis
Montiopsis
Calandrinia

CALANDRINIEAE
Calandrinia

ILenzia

Lenzia

Talinum

LEWISEAE
Lewisia

LEWISIEAE
Lewisia

CALYPTRIDIEAE
Calyptridium
Monocosmia
Spraguea

CALYPTRIDffiAE
Calyptridium

CALYPTROTHECEAE
Calyptrotheca

MONTIEAE
Claytonia
Montia

Lyallia
Montiopsis
Silvaea (Philippiamra)
TALINEAE
Calyptrotheca
Talinella
Talinum
MONTIEAE
Claytonia
Montia

CALANDRINIEAE*
Calandrinia/Monocosmia
Lenzia
Talinum
Baitaria (Calandrinia)
Schreiteria (Calandrinia)
Lewisia
Rumicastrum (Calandrinia)
Cistanthe (Calandrinia)
Erocallis
Calyptridium

CALYPTROTHECEAE
Calyptrotheca

MONTIEAE*
Claytonia
Montia
Limnalsine
Naiocrene
Neopaxia
Mona
Montiastrum
Maxia
Crunocallis
Calandrinia/Monocosmia
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significant genera Portulaca and Lewisia were placed in monotypic tribes by two
researchers, suggesting that the affiliations of these derived taxa were difficult to determine.
Generic circumscriptions within the Portulacaceae. Of the large genera, some
{Portulaca, Anacampseros) seem obviously monophyletic, while others (Talinum,
Calandrinia) display considerable infrageneric variability, leading to the suspicion that the
genus may have been defined too broadly or used as a convenient repository for problem
taxa. Carolin (1987) observed apparent polyphyly in the 150-species Calandrinia sensu lato,
proposing that it be divided into five segregate genera. Hershkovitz (1990, 1991a, 1993)
found further evidence that Calandrinia was artificial and recognized the genus Cistanthe,
which had been subsumed into Calandrinia sensu lato. Hershkovitz expanded Cistanthe
(1990, 1991b), including several sections of Calandrinia, species previously placed
incorrectly in Talinum and Lewisia, and the entire genus Calyptridium, creating another fairly
large assemblage that may itself be suspected of being excessively broad and perhaps not
monophyletic. Another genus that had been lumped into Calandrinia was Montiopsis, also
now recognized properly as a separate entity (Ford 1993; Hershkovitz 1993). What remains
of Calandrinia is less heterogenous, although the Australian species remain problematic
(Carolin 1987); Hershkovitz (1998) segregated them as Parakeelya, even while admitting
that they may not constitute a monophyletic group.
Remaining differences among generic limits are largely due to the recognition by
some authors of small segregate genera. The most complex generic nomenclature is to be
found in the Montia/Claytonia complex, a clearly monophyletic assemblage that has been
given widely varying taxonomic treatments (summarized in McNeill 1975). While Davis
(1951) recognized only one genus, Claytonia, other authors have recognized Montia with a
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variety of generic limits (e.g.. Pax 1889; Pax and Hoffmann 1936; McNeill 1975). Montia
has also been subdivided into a great many small or monotypic segregate genera, most
drastically by Nilsson (e.g., 1966, 1970, 1971; see also McNeill 1975), a practice that appears
to create a needless superfluity of very similar genera.
Other genera that appear in the historical literature or in some treatments include
Spraguea, usually referred to Calyptridium (Hinton 1975); Calandriniopsis, inappropriately
segregated from Calandrinia sensu lato (see discussion by Carolin 1987), Silvaea and
Philippiamra, two names for the same taxon that properly belongs within Cistanthe
(Hershkovitz 1991b), onAMonocosmia, which is granted sectional status within Calandrinia
(Hershkovitz 1991b).
Finally, the familial affiliations of problematic small genera have been disputed. Pax
and Hoffmann (1934) doubted whether the woody African genera Portulacaria and Ceraria
and the Madagascan Talinella belonged within the Portulacaceae, although this is now
universally accepted. Calyptrotheca, another unusual African genus, was formerly included
within the Capparidaceae (Gilg 1897), but there is no doubt that its transfer to the
Portulacaceae was correct (Brenan 1949; Nyananyo 1986). The monotypic genus Hectorella,
which is sometimes granted familial status, is probably best lumped into the formerly
monotypic Lyallia and placed within the Portulacaceae (Nyananyo and Heywood 1987).
Wangerinia, a monotypic Chilean genus, is stiU included in the Portulacaceae by some
authors (Nyananyo 1990), though it properly belongs in the Caryophyllaceae (Carolin 1987).
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PHYLOGENY OF THE PORTULACACEOUS COHORT BASED ON NDHF SEQUENCE DATA
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Abstract
The Portulacaceae, Basellaceae, Cactaceae, and Didiereaceae form a monophyletic
group within the Caryophyllales, and evidence exists that the first may be paraphyletic by
exclusion of the latter three. Several taxonomic treatments of the Portulacaceae based on
morphological features have failed to produce consensus regarding infrafamilial
relationships. The present paper employs sequences of the chloroplast gene ndhF to produce
a molecular phylogeny of the portulacaceous cohort, focusing on the relationship among
major lineages of the Portulacaceae and the three putatively derived families. Results of this
analysis supported two major clades within the monophyletic cohort. The first included
Portulaca, Anacampseros and its relatives, much of Talinum, Talinella, and the Cactaceae;
the second, weakly supported, included the remaining genera of Portulacaceae, the
Basellaceae, and the Didiereaceae. This phylogeny also implied that several generic
circumscriptions remain inadequate, particularly that of Talinum, which appeared to be
polyphyletic, and that all present classifications of the family include demonstrably nonmonophyletic tribes.

Introduction
The portulacaceous cohort of families, comprising the Basellaceae, Cactaceae,
Didiereaceae, and Portulacaceae, were first recognized as a formal group by Thome (1968).

All belong to the order Caryophyllales, which is certainly monophyletic as presently defined
(Cronquist 1981). The Basellaceae have always been seen as closely linked to the
Portulacaceae, if not derived from within them (Franz 1908; Bogle 1969; Cronqviist 1981;
Sperling and Bittrich 1993), and share a number of portulacaceous characters, including
unusual floral morphology. The Cactaceae were considered by Cronquist (1981) to be most
closely related to the Aizoaceae and Didiereaceae; others have emphasized similarities to the
Portulacaceae or Didiereaceae (e.g., Chorinsky 1931; Gibson and Nobel 1986). The floral
morphology of the Didiereaceae provides strong support for a relationship to the
Portulacaceae (Rauh and Scholch 1965), although vegetative morphology (Gibson and Nobel
1986), serology (Jensen 1965), and grafting tolerance (Rauh and Dinklage 1972) suggest a
connection to the cacti. Chloroplast DNA sequence-based phylogenetic studies of the order
(Rettig et al. 1992; Downie et al. 1997) show these four families to form a monophyletic
group, but provide little resolution within that clade. It has been suggested that the
Basellaceae, Cactaceae, and Didiereaceae all originated within a paraphyletic Portulacaceae
(Hershkovitz 1993a). This hypothesis was supported by Hershkovitz and Zimmer's (1997)
ITS data, which showed the cacti embedded within the Portulacaceae, sister to a large clade
including Portulaca, Anacampseros and its relatives, and portions of Talinum. The
Basellaceae and Didiereaceae in their study formed a monophyletic group, sister to the
portulacaceous genera Ceraria and Portulacaria.
Taxonomy within the Portulacaceae has been complicated, and no universally
accepted classification exists. The earliest authorities (e.g., Jussieu 1789; Endlicher 1836)
tended to lump portulacaceous genera in with taxa now recognized as belonging to the
Aizoaceae. The most thorough early classification (Franz 1908; Pax and Hoffinann 1936)
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recognized two subfamilies. Most of the diversity of the family was included within the
Portulacoideae, and most of that within the Calandrinieae; these taxa appear to have been
categorized by symplesiomorphies. Several efforts have been made to produce an improved
classification (McNeill 1974; Carolin 1987, 1993; Nyananyo 1990); Table 1 presents a
condensed comparison of three of these. These authors divided the family into several tribes,
usually containing one or a few genera, avoiding the difficulties of observing larger-scale
phylogenetic pattem in a morphologically complex group of plants; nevertheless, significant
differences of opinion exist among these classifications. Only Carolin's (1987) was based on
a cladistic study of morphological features He used the Cactaceae and Aizoaceae as an
outgroup, an unfortunate choice if the cacti in fact may belong to the ingroup (Hershkovitz
and Zimmer 1997), and recognized a tribe that is not monophyletic according to iiis own
data.
Considerable heterogeneity is to be found in the larger genera, particularly
Calandrinia (as formerly circumscribed) and Talinum. Carolin (1987) found evidence that
the 150 species of Calandrinia, typically divided into more than a dozen sections, are
actually a polyphyletic assemblage, a result supported by Hershkovitz (1993a). The removal
of Cistanthe (Hershkovitz 1990, 1991a), Montiopsis (Ford 1993), and lately the Australian
Parakeelya (Hershkovitz 1998), leaves Calandrinia sensu stricto less variable and probably
monophyletic. Cistanthe (Hershkovitz 1990, 1991a, 1991b) now includes several sections of
the former Calandrinia, species transferred from Talinum and Lewisia, and the North
American genus Calyptridium (including Spraguea; Hinton 1975), creating another genus
with a fairly broad circumscription.
The intent of the present study is to produce further evidence for the pattem of
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evolution in the Portulacaceae sensu lato, including the position of derived families within
the cohort. As morphological studies have not resolved these taxonomic questions, molecular
methods are particularly appropriate. The chloroplast gene ndhF was chosen for this study
because it is more variable than rbcL, which seems unlikely to provide sufficient resolution
within the cohort (Rettig et al. 1992), and because it has been used successfully at similar
taxonomic levels by other researchers (e.g., Clark et al. 1995; Kim and Jansen 1995;
Olmstead and Reeves 1995; Terry et al. 1997).

Materials and Methods
Table 2 lists the ingroup and outgroup taxa included in this research. Outgroups were
selected firom several caryophyllalean families outside the portulacaceous cohort. Every
effort was made to include representatives of all important genera. A great number of
segregate genera are recognized within the Montieae by some authors; as the tribe clearly is
monophyletic, their inclusion was not necessary for the purpose of this study. Xenia and
Talinaria were not included; several derived features indicate that they are related to
Anacampseros (Gerbaulet 1992a). Hershkovitz (1991b) lumped Silvaea {Philippiamra) into
Cistanthe and Monocosmia into Calandrinia', both of these relationships are supported by
morphological data (Hershkovitz 1991a). Wangerinia, sometimes included in classifications
of this family, is believed by recent authors to belong to the Caryophyllaceae (Carolin 1987).
Lyallia, which includes Hectorella (Nyananyo and Heywood 1987), is a very distinctive
taxon that was unavailable for this study, as were the monotypic Chilean Lenzia and recently
described Madagascan Dendroportulaca (c.f. Eggli 1997). The Soma^zn Amphipetalum,
which is possibly related to Calyptrotheca or Talinum (see discussion in Hershkovitz 1993a),
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was also unavailable.
DNA isolation and purification. DNA was extracted from mature leaf tissues using
the organelle pellet method of Wallace and Cota (1986), designed for mucUaginous plant
tissues. Since small amounts of material were available for some taxa, this method was
performed using as little as 2 g of tissue in a reduced quantity of buffer. These DNA samples
were purified by CsCl gradient ultracentrifiigation. For other taxa, DNA was isolated from
germinated seedlings due to the difficulty of growing material from seeds to maturity. For
these taxa, the Doyle and Doyle (1987) CTAB method was applied on a gready reduced
scale, such that up to 0.3 g of fresh seedlings were ground in 500 |jJ of CTAB buffer,
followed by extraction with 500 |il of chlorofonn-isoamyl alcohol and DNA precipitation
with 300 pJ of cold isopropanol. DNA pellets were resuspended in 500 pJ of TE buffer,
precipitated with 100 |il of 5 M sodium acetate and 1000 |J,1 of cold ethanol, and finally
resuspended in 50 (il of TE buffer. As little or no mucilage is present at the cotyledon stage,
no further purification of these samples was required; sufficient DNA for PCR has been
obtained by this method using less than 0.05 g of seedling tissue.
PCR primers, amplification, and cycle sequencing. The 5' and 3' halves of ndhF
were amplified in separate reactions. Primers designed by Jansen (1992) were used initially,
but sequence divergence hampered amplification in many taxa. Primers specific to the
cohort, designated IB, 8B, 5C, and 16D, were designed for more effective amplification:
their sequences and locations are provided in Table 3. The use of these primers results in ±e
loss of both the 5' and 3' ends of the coding region.
PCR was performed in 100 jil reactions including 2.5 units of AmpliTaq pol5anerase
(Perkin-Elmer), 1 X buffer (Perkin-Elmer), 2.5 mM MgClj, 0.2 mM each dNTP, 30 pmol of
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each primer, and <10 ng of template genomic DNA. PGR amplification, performed in an MJ
Research PTC-100 thermocycler, began with initial melting for 1 min at 94°C, followed by
36 cycles of 1 min at 94°C, 1 min at 40°C, and 3 min at 72°C, with a final extension phase of
10 min at 72°C. PCR products were cleaned and concentrated in Microcon-100 concentrators
(Amicon).
Cycle sequencing was performed using ABI Prism BigDye Terminator cycle
sequencing kits (Perkin-Elmer) in 20 |jJ reactions including 8 jil of 1:4 diluted reaction
mixture, approx. 125 ng of template DNA, and 7.5-10 pmol of sequencing primer. PCR
conditions were as specified by the manufacturer, except that the annealing temperature was
reduced to 45°C. Sequencing primers included the forward amplification primers, designated
IB and 5C (this paper), and (Jansen's (1992) primers 3, 7, and 10, which performed
adequately despite some sequence divergence. The 5C sequence was more effectively
obtained from the 5' half of ±e gene than from the 3' portion for which 5C also served as the
forward amplification primer. PCR products were run on gels by Iowa State University's
DNA Sequencing and Synthesis Facility, using Perkin-Elmer/ABI Model 377 automated
sequencers.
Sequence analysis. Some sequences (GenBank accessions AF194821-AF194843,
AFI94845-AF194863, AF194865-AFI94867, and AF206713-206714) were aligned using
CLUSTAL W (Gibson et al. 1994) followed by manual correction, and others were added by
simple visual observation. Indels were infrequent, so alignment was unambiguous. Several
occurrences of one- or two-codon insertions in portions of the ingroup were observed, some
of which appeared from their nucleotide sequences and distribution to be clearly
homopiasious; therefore, it was considered most conservative to remove these gapped

positions from the analysis and not to code insertions or deletions (indels) as binary
characters. Instead, indels were mapped onto trees based only on nucleotide sequence data.
Only positions 94 through 2139 (relative to Talinum paniculatum) were analyzed, as several
taxa had missing data up to position 94. Three taxa were missing more data from the extreme
5' end of the gene due to sequencing difficulties, Maihuenia up to position 422.
Parsimony analysis of these sequences was performed with PAUP* 4.0 (Swofford
1999), using the heuristic search algorithm with TBR branch swapping. Maximum likelihood
analysis was performed using the same program. Relative support for identified clades in the
strict consensus parsimony tree was assessed through use of the bootstrap method (1000
replicates; Felsenstein 1985) and decay analysis (Bremer 1988; Donoghue et al. 1992).
Decay analysis was conducted using heuristic searches to examine trees up to twelve steps
longer than the most parsimonious trees; above six steps, a negative constraint tree was used
to reduce demands on computer memory (Morgan 1997). Parsimony analysis was also
performed with the first 422 positions excluded to demonstrate that missing data did not
affect topology.. To explore the strength of support for biogeographic hypotheses, area of
origin was coded as a character in MacClade 3.05 (Maddison and Maddison 1995) and an
attempt was made to trace character state changes on the maximum parsimony strict
consensus tree.

Results
Of 2046 characters included in the parsimony analysis, 1263 were constant and 783
were variable, of which 539 were potentially parsimony-informative. Fifteen most
parsimonious trees were found on one island. The strict consensus of these trees is shown in
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Fig. 1. Maximum likelihood analysis produced a tree (shown in Fig. 2) whose topology
differed from that of Fig. 1 in the resolution of several polytomies.
The portulacaceous cohort was strongly supported as monophyletic by the
phylogenetic analysis. The cohort consisted of two large natural groups. One of these
comprised the cacti (Pereskia and Quiabentid), Portulaca, the tribe Anacampseroteae
Nyananyo ex Rowl. (Rowley 1994; Gerbaulet 1992a), most of Talinum, and Talinella. The
second large clade included the Basellaceae, Portulacarieae, Didiereaceae and Calyptrotheca,
Talinum mengesii, Lewisia, Montia and Claytonia, aU of the taxa formerly associated with
Calandrinia, including Montiopsis and Cistanthe, and Calyptridium. The derivation of the
cacti and Didiereaceae from within the Pormlacaceae was more strongly supported than that
of the Basellaceae.
Several indels were observed, including a deletion found in Anacampseros retusa
(and several other species of Anacampseros-, Applequist and Wallace, unpublished data) of
699 base pairs (bp) in length, covering positions 133 to 831 (relative to Talinum). Although
this is not a frameshift mutation, other mutations farther downstream create premature stop
codons. Pseudogene formation has been previously observed in ndhF (Neyland and Urbatsch
1996, who found 227-bp deletions); to the authors' knowledge, this deletion is the largest
known in ndhF, barring the complete loss of the gene in Pinus thunbergii (Wakasugi et al.
1994). Table 4 catalogs indels found in this data set, which are plotted by letter on the
parsimony cladogram of Figure 1. Based on insertion sequences and distribution, it seems
clear that several insertions were homoplasious, apparently occurring repeatedly at "hot
spots," while deletions were not similarly homoplasious. Homoplasious indels have been
observed in several previous smdies of ndhF (Olmstead and Reeves 1995; Scotland et al.
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1995; Neyland and Urbatsch 1996), although the bias towards insertions in this data set
seems unusual.
Using MacCIade to trace geographic location as a character on the previously
obtained strict consensus tree (results not shown), it was not possible to identify character
states of basal branches unequivocally. Most such branches were suggested to be either South
American or North American, a result that will be addressed further below.

Discussion
Phylogenetic position of the Cactaceae. Parsimony analysis of ndhF sequences could
not resolve the relationships among the Cactaceae, the Talinum-Talinella clade, and the
Portw/aca-Anacampseroteae clade. A close relationship among the latter taxa has been
supported by morphology (Hershkovitz 1993a) as well as molecular data. Hershkovitz and
Zimmer's (1997) maximum likelihood analysis of ITS sequence data suggest that the
Cactaceae are basal to the other two; maximum likelihood analysis of the sequences in this
study weakly supported Talinum and Talinella as the basal lineage. There are some
aberrations in Hershkovitz and Zimmer's (1997) topology, especially in the
Anacampseroteae (compare to Gerbaulet 1992a) and in Talinum {T. cajfrum is widely
separated firom the main Talinum clade), but the close associations of Talinum with Talinella
and of Anacampseros and its relatives with Portulaca are found in their phylogeny as well.
Two independent lines of molecular evidence have now supported the affiliation of the
Cactaceae with this portion of the Portulacaceae, which therefore appears to be paraphyletic
as presendy circumscribed.
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Phylogenetic position of the Basellaceae and Didiereaceae. Morphological
similarities have been observed between the Basellaceae and the Montieae (Bogle 1969) or
Talinum (Sperling and Bittrich 1993). The Didiereaceae bear a particular resemblance to
Portulacaria and Ceraria (Rauh and Scholch 1965). The two families appear as sister groups
in Hershkovitz and Zimmer's (1997) ITS study, with the Portulacarieae basal to both. The
ndhF data presented here showed Calyptrotheca to be the sister group of the Didiereaceae,
followed by the Portulacarieae; the Basellaceae appeared to be a fairly basal lineage. The
relationship of Calyptrotheca to the Didiereaceae has been observed in other chloroplast
DNA data sets (Applequist and Wallace, submitted). Calyptrotheca was not included in
Hershkovitz and Zammer's (1997) study, and the support for their Basellaceae-Didiereaceae
clade seems fairly weak. The Basellaceae were weakly linked with the Portulacarieae and
Didiereaceae by maximum likelihood in this study, but they appeared to be a fairly basal
lineage within their portion of the cohort. The Didiereaceae were clearly derived; thus, both
major subdivisions of the Portulacaceae were shown to be paraphyletic through exclusion of
the Cactaceae and Didiereaceae respectively.
Generic limits in the Calandrinia complex. Taxa included in this study that
traditionally were classified within Calandrinia sensu lato were C. ciliata and C. compressa;
C. volubilis, an Australian species transferred to Parakeelya by HershkoviLi (1998); three
species of Cistanthe; and three species of Montiopsis. Calyptridium, which was included
within Cistanthe by Hershkovitz (1990), has not been placed within Calandrinia. This
assemblage as a whole appeared to be paraphyletic by exclusion of Montia, Claytonia, and
Lewisia, although not so polyphyletic as Carolin's (1987) morphological cladistic analysis
suggests. The segregation of Montiopsis and Cistanthe was clearly supported; however, it
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appeared that the inclusion of Calyptridium within Cistanthe would make the latter
paraphyletic. The Australian taxa here represented by Calandrinia volubilis did not form a
monophyletic group with Calandrinia sensu stricto, supporting Hershkovitz's (1998) transfer
of these species to Parakeelya; however, the fact that these taxa have not yet been shown to
be a natural group is of some concern.
Polyphyly in the genus Talinum sensu lato. Prior morphological studies have
strongly suggested that Talinum is not monophyletic; the terete-leaved Sect. Phemeranthus
(Raf.) DC is quite distinct (Carolin 1987; Hershkovitz 1993a). There is sound morphological
reason for holding that the genus Phemeranthus Raf. should be revived for these species (D.
Ferguson, pers. comm.). Hershkovitz and Zimmer (1997), who transferred their
representatives of this group to Phemeranthus, found that Talinum sensu lato is polyphyletic:
Phemeranthus is quite unrelated to Sect. Talinum, They also found T. caffrum to be separated
from the remainder of the genus. While that result was not supported by the ndhF data, the
unrelatedness of Talinum and Phemeranthus was: the two taxa were derived from within
different halves of the cohort. Thus, the recognition of the latter genus is highly desirable.
Congruence of molecular data with traditional classifications. All recent
classifications include tribes that appeared in the ndhF phylogeny to be polyphyletic, notably
McNeill's (1974) Talineae, Carolin's (1987) Calandrinieae and his expanded (1993)
Talineae, and Nyananyo's (1990) Talineae. Pax and Hoffmann's (1936) classification is very
poor; the tribe Calandrinieae (subfamily Portulacoideae) includes most of the family, is
defined by probable symplesiomorphies, and is polyphyletic, including such disparate genera
as Talinum and Anacampseros in a subtribe with Calandrinia, while Portulaca and Montia
are excluded. It is possible that the polyphyly of Talinum has complicated recognition of its

36
affinities

in recent studies, since one section was more closely related to Calandrinia than to

Anacampseros and Portulaca. The Portuiaceae sensu Carolin (1987) has the advantage of
recognizing the close relationship of Portulaca to Anacampseros and its relatives, which
were given tribal status by Nyananyo (1990) but lumped inappropriately with Calandrinia by
McNeill (1974). None of these classifications take notice of the comparatively close
relationship between the Montieae and Calandrinia, although CaroKn (1987) placed Lewisia
with the taxa belonging to Calandrinia sensu lato in his overly broad Calandrinieae, the only
taxonomy to recognize the proper affinity of this derived genus.
Biogeography. Although Portulaca in particular has spread worldwide, the
Portulacaceae are a largely Gondwanan assemblage, with many species in South America
and Africa and some in Australia, and with a significant North American center of diversity
as well. The Cactaceae are essentially restricted to the New World, and the Didiereaceae are
confined to Madagascar. While Basella is of widespread distribution, the major diversity of
the Basellaceae lies in the New World tropics (Sperling and Bittrich 1993), and they are
presumed to have originated there, being later dispersed to Afiica (Raven and Axelrod 1974).
(See Fig. 2 for illustration of the location of species included within this study.) Lack of
fossil remains has hampered the identification of the cohort's place of origin. Hershkovitz
(1993a) believed that the Portulacaceae would prove to be divided into two major
monophyletic lineages, an "Eastern American/African" group and a "Western American"
group, referring to the eastern and westem portions of both North and South America. The
latter group is equivalent to the large clade that was foimd in this study to be sister to
Talinum Sect. Phemeranthus. Many species of Calandrinia sensu lato, for example, are
found in Chile and Peru, and the greatest diversity of North American Montieae appears to be
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in the Western United States. In fact, the range of this group does overlap that of the "Eastern
American/Afiican" group. Hershkovitz (1993a) suggested that, contrary to the beliefs of
some researchers that the latter group represented the basal Portulacaceae, the Western
American group was of at least equal age and perhaps gave rise to the remaining taxa. The
group was found in this study to be monophyletic; its sister group, Talinum Sect.
Phemeranthus, is also American (Southern United States and Mexico).
Interestingly, within each of the two major clades of the cohort as depicted in the
ndhF cladogram, independent dispersals to Madagascar and to Australia may be postulated:
Talinella and the Didiereaceae clearly represent derived dispersals to Madagascar, and
several taxa are to be found in Australia, including species of Anacampseros, Montia,
Portulaca, and Calandrinia. Anacampseros and Calandrinia both belong to primarily South
American lineages; although most of the diversity within Anacampseros foUows its dispersal
into Africa, the Australian species is fairly basal within tiie genus and may have arrived there
from South America rather than from Africa. Direct contact was possible between South
America and Australia longer than between any other Gondwanan continents (Raven and
Axelrod 1974) and American taxa may have been in a better position to reach the continent.
Within both halves of the cohort, major lineages were either wide-ranging or
predominantly New World(Fig. 2). The only major clade clearly of African origin was that
wittiin which the Portulacarieae were basal, and it was located within an otherwise strongly
New World assemblage. Moreover, the taxa found in Africa are mainly the genera most
prone to weediness, and likely to be easily dispersed (e.g. Portulaca, Talinum). Character
state optimization in MacClade did indeed support the view that geographic locations outside
the New World represented derived conditions. However, although that analysis suggested
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that the deeper branches within the cohort were either North American or South American, it
could not support either unequivocally as the cohort's place of origin. Basal North American
taxa are largely to be foxmd in the southem part of the continent, e.g., Talinopsis in Mexico
and Talinum Sects. Talinum and Phemeranthus in the southem United States. Most northern
taxa (the Montieae, Lewisia) were in this study clearly derived. It seems likely, therefore, that
the cohort's origin lies somewhere between Argentina and the southem United States, but not
further north. The primarily tropical distribution of the nearest outgroups also suggests that a
tropical origin of the cohort is not unlikely.
The future of classification in the portulacaceous cohort. The need for taxonomic
rearrangement of the portulacaceous cohort was supported by ndhF data; however, these data
do not suffice in themselves to justify a formal realignment and the associated nomenclatural
changes. The gathering of more evidence for phylogenetic pattem within the cohort is called
for, with a particular need for expanded sampling of both genes and taxa, and for studies of
morphological synapomorphies to support clades observed in molecular analyses. As a
starting point, it might be proposed that Calyptrotheca, Ceraria, and Portulacaria be placed
within the Didiereaceae. Like that family, they are wholly woody, with single-seeded fruits
(indehiscent except in Calyptrotheca), and show a trend towards dioecy (except, again, in
Calyptrotheca). Eggli (1997) notes similarities between the gynoecium of Calyptrotheca and
those of the Didiereaceae.
It is probable that it will evenmally be desirable to divide the Portulacaceae into two
families, as data accme to support the derived placement of the cacti within the cohort; the
cacti would then be sister to the Portulacaceae sensu stricto. The genera that might remain
within the latter family, including Portulaca, the Anacampseroteae, Talinum, and Talinella,
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were linked in Hershkovitz's (1993a) cladistic analysis by one character, the strong
differentiation of the pericarp into two layers. This feature was noted by Carolin (1987) as
well, who grouped Portulaca with the Anacampseroteae based on shared axillary hairs and
bristles, as well as presumed reversals in petal and stigma number. If these genera prove to be
a paraphyletic assemblage, thus requiring division into more than one family, they might
more conveniently be subsumed into the Cactaceae, although that might leave the latter far
too broadly defined to be acceptable to many researchers.
Within the other half of the cohort, segregation of the basal Uneages of the
Basellaceae and expanded Didiereaceae leaves a monophyletic assemblage including
Talinum Sect. Phemeranthus; Calyptridium, Cistanthe, and Montiopsis; and Calandrinia,
Parakeelya (if recognized), Lewisia, Montia, and Claytonia. This primarily New World,
herbaceous group could easily be granted familial status {Claytonia perhaps serving as an
appropriate type genus) as evidence warranted, although the relationships among the former
Calandrinia lineages are not known in enough detail to make revision of the taxonomy of
these genera a simple task. Previous morphological cladistic studies (CaroUn 1987;
Hershkovitz 1993a) provide no support for the topology of the molecular cladogram.
Notably, Lewisia always appears basal in such smdies, although its derived position was
quite strongly supported by molecular data. Both Carolin (1987) and Hershkovitz (1993a)
found these "Western American" taxa to be possibly basal and paraphyletic, although the
latter still believed that they in fact formed a monophyletic lineage (excluding Talinum Sect.
Phemeranthus). In his smdy, they differed from the rest of the family in their lack of jointed
and clasping leaf bases, although there had been some dispute about character states in the
Australian species of Calandrinia, and the morphological distinction does not always seem

clear-cut. He also noted (Hershkovitz 1993b) a trend toward increase in the number of
contact cells around stomata. These studies may have been greatly limited by difficulties of
outgroup selection and character polarization. Hershkovitz (1993a) arbitrarily polarized 28 of
46 characters, leaving the remainder unpolarized, while Carolin (1987), as discussed above,
selected a clearly inappropriate outgroup. Thus, it would not be surprising to find distorted
topologies in these studies. Hershkovitz (1993b) observed that fairly minor alterations of
morphological data matrices, such as those caused by variability within taxa, had the
potential to greatly affect topology. It is to be hoped that molecular data may provide a
framework within which some of these problems may be minimized in future investigations
of the cohort or portions thereof. For example, morphological re-evaluation of this portion of
the Portulacaceae as presently defined might well use the Portulacarieae and Basellaceae as
suitable outgroups.
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TABLE L Comparison of classifications of the Portulacaceae by McNeill (1974), Carolin
(1987), and Nyananyo (1990), with shared groups presented in parallel insofar as possible.
Asterisked tribes were combined by Carolin (1993) into the tribe Talineae.
McNeill

Nyananyo

Carolin

PORTULACARIEAE
Ceraria
Portulacaria
Phillipiamra
PORTULACEAE
Portulaca

PORTULACARIEAE
Ceraria
Portulacaria

PORTULACARIEAE
Ceraria
Portulacaria

PORTULACEAE
Portulaca

PORTULACEAE
Portulaca
Talinopsis
Talinaria
Anacampseros
Grahamia

TALINEAE
Anacampseros
Grahamia
Talinopsis
Montiopsis
Calandrinia
ILenzia
Talinum

ANACAMPSERIEAE
Anacampseros
Grahamia
CALANDRIMEAE
Calandrinia
Lenzia

LEWISIEAE
Lewisia

LEWISIEAE
Lewisia

CALYPTRIDIEAE
Calyptridium
Monocosmia
Spraguea

CALYPTRIDIEAE
Calyptridium

CALYPTROTHECEAE
Calyptrotheca

MONTIEAE
Claytonia
Montia

Lyallia
Montiopsis
Silvaea (Philippiamra)
TALINEAE
Calyptrotheca
Talinella
Talinum
MONTIEAE
Claytonia
Montia

CALANDRINIEAE*
Calarulrinia/Monocosmia
Lenzia
Talinum
Baitaria (Calandrinia)
Schreiteria (Calandrinia)
Lewisia
Rumicastrum (Calandrinia)
Cistanthe (Calandrinia)
Erocallis
Calyptridium

CALYPTROTHECEAE
Calyptrotheca

MONTIEAE*
Claytonia
Montia
Limnalsine
Maiocrene
Neopaxia
Mona
Montiastrum
Maxia
Crunocallis
Calaruirinia/Monocosmia
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TABLE 2. Taxa included in the present study. Outgroup families are listed first, followed by
the representatives of the portulacaceous cohort. HNT = Huntington Botanical Garden, IS =
Index Seminum, ISC = Iowa State University, ISI = International Succulent Introductions,
AT = Jacques van Thiel, PI = Plant Introduction Station (Ames).
Taxa (by family)

Accession data

AIZOACEAE
Aptenia cordifolia Schwant.
Tetragonia tetragonioides (Pall.) Kuntze

Kirstenbosch Bot. Gard. s.n.
Bonn, IS #109

AMARANTHACEAE
Amaranthuspalmeri S. Wats.
Amaranthus quitensis HBK

Ames 5370
PI 511745

MOLLUGINACEAE
Mollugo verticillata L.

R.S. Wallace s.n., Storrs, CT.

NYCTAGINACEAE
Allionia violacea Loefl.
Bougainvillea sp.
Mirabilis jalapa L.

Schiller Bot. Gard. s.n., IS #3850
ISC living coll. s.n.
Schiller BoL Gard. s.n., IS #3852

PHYTOLACCACEAE
Phytolacca acinosa Roxb.

Schiller Bot. Gard. s.n., IS #4035

PORTULACACEOUS COHORT
BASETJACEAE
Basella alba L.
Ullucus tuberosus Lozano

ISC living coll. s.n. (JSC 422970)
HNT s.n. (ISC 422967)

CACTACEAE
Maihuenia poeppigii (Otto ex Pfeiff.)
F.A.C. Weber ex K. Schum.
Peresida aculeata (Plum.) Mill.
Quiabentia verticillata (Vaup.) Vaup.

Kattermann s.n.
Bot. Gard. Berlin-Dahlem 249-02-85-30
Bot. Gard. Berlin-Dahlem 236-10-85-20

DE)IEREACEAE
Alluaudia humbertii Choux
Decaryia madagascariensis Choux

HNT 69290
ex G. Barad

PORTULACACEAE
Anacampseros retusa Poelln.
Calandrinia ciliata (Ruiz & Pav.) DC.
var. menziesii (Hook.) Macbr.
Calandrinia compressa Schrad.
Calandrinia volubilis Bench.
Calyptridium umbellatum (Torr.) Greene
Calyptrotheca somalensis Gilg
Cerariafruticulosa Pearson & Stephens

JVT 94233
Bonn 03635 IS 91/780
Bonn 07108
Chinnock s.n. (ISC 422973)
K.L. Chambers s.n. (ISC 422972)
HNT 57830
ex G. Barad (ISC 423089, liquid coll.)
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TABLE 2. (continued)
Taxa (by family)
PORTULACACEAE, continued
Cistanthe grandiflora (Lindl.) Carolin
ex Hershkovitz
Cistanthe guadalupensis (Dudley) Carolin
ex Hershkovitz
Cistanthe mucronulata Meyen
Claytonia virginica L.
Grahamia bracteata Gill, ex Hook.
Lewisia pygmaea (A. Gray) BX. Robinson
Montia diffusa (Nutl.) Greene
Montia parvifolia (Moc. ex DC.) Greene
Montia petfoliata (Donn) Howell
Montiopsis berteroana (Phil.) D.I. Ford
Montiopsis cumingii (Hook. & Amott) D.I. Ford
Montiopsis umbellata (Rufz & Pav.) D.I. Ford
Portulaca grandiflora Hook.
Portulaca molokiniensis Hobdy
Portulaca mundula I.M. Johnst.
Portulaca oleracea L.
Portulacaria qfra Jacq.
Talinella pachypoda Eggli
Talinopsis frutescens A. Gray
Talinum angustissimum (A. Gray) Woot. & Standi.
Talinum cqffrum (Thunb.) Ecklon & Zeyh.
Talinum mengesii Wolf
Talinum paniculatum (Jacq.) Gaertn.
Talinum triangulare (Jacq.) Willd.

Accession data
Bonn 03639
HNT s.n.
Ford #629
Tiffany s.n.
D.J. Ferguson s.n. (ISC 422978)
Smith Coll. #745
E. Everett s.n.
K.L. Chambers s.n. (ISC 422971)
Kew s.n.
Ford #467
Ford #535
Bonn 752
Bonn 03634
HNT s.n.
ex C. Martin
Wi. Applequist 0007 aSC 422969)
ISC living coll. #00549 aSC 422966)
HNT s.n. ex Eggli QSC 422975)
Desert Bot. Gard. 1985 0691
ex D.J. Ferguson (SCI 422965)
HNT 57054, ISI1686
J.E. Watkins s.n. aSC 422977)
ISC living coll. s.n.
ex C. Martin (ISC 423213)
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TABLE 3. Primers designed for ndhF amplification in portnlacaceous taxa. Numbers at ends
of sequences represent nucleotide positions relative to the sequence of Talinum paniculatum.
Y = C or T; R = A or G. 8B is a modification of Jansen's (1992) primer 8. 12B was used with
Jansen's (1992) primer 14 to amplify beyond the end of the coding region for purposes of
primer design; it was not used directly to generate data for this paper.
IB:
(35) CCTTYATTCCRCTTCCAGTTCC (56)
SB: (1350) ATAGATTCGTACACATATAAAATGCAGTT (1323)
5C;
16D:

(838) CTTCTTCCTCTTTTCGTAGTTATACC (863)
(2165) CCTCCTRYATAYTTGATACCTTCTCC (2140)

12B: (2077) TTTTTTGATAGACGAATAATTGATGGA (2103)
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TABLE 4. Insertion and deletion (indel) events observed in ndhF data set. See Fig. 1 for
distribution of indels. Locations are given relative to the sequence of Talinum paniculatum.
INS = Insertion, DEL = Deletion, Unord. = Unordered.
Symbol
a
b
c
d
e
f
g
h

s
t
u
v
w
X

y
z

Codons
2
2
2
2
1
2
2
2

Positions
649/650
1460-1465
1509/1510
1512/1513
1530/1531
1557/1558
1599/1600
1943/1944

Ins/Del?
INS
INS
INS
INS
INS
INS
INS
INS

233
(1 nt)
2
2
2
2
2
3

133-830
1408
1534-1539
1549-1554
1558-1563
1722-1727
1739-1742
1794-1802

DEL
DEL
Unord.
DEL
DEL
Unord.
DEL
DEL
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>10

Amaranthus palmeri
.
. H AMARANTH.
AmaranUius qurtensis_i
MoUugo verticillata
MOIXUGIN.
AUionia violacea
MirabUis Jalapa
PfvcTAGiN.
BougainviUea sp.
PHYTOLACC
Phytolacca acinosa
Aptenia cordifoHa
Tetragonia tetragonioides\~
Talinum paniculatum
Talinum angustissimum
Talinum caffrum
Talinum triangulare
- Talinella pachypoda
Anacampseros retusa
Grahamia bracteata
Talinopsis frutescens
Portulaca grandiflora
Portulaca mundula
Portulaca molokiniensis
Portulaca oleracea
Maihuenia poeppigii
— CACT.
Pereskia aculeata
Quiabentia verticiUatg_
Montia perfoliata
Claytonia virginica
Montia diffusa
Montia parvifolia
Lewisia pygmaea
Calandrinia volubilis
Calandrinia ciliata var. menziesii
Calandrinia compressa
Montiopsis umbellata
Montiopsis berteroana
Montiopsis cumingii
Cistanthe grandiflora
Cistanthe mucronulata
Cistanthe guadalupensis
Calyptridium umbellatum
Talinum mengesii
Alluaudia humbertii
I DIDIER.
Didierea trollii
I
Calyptrotheca somalensis
Ceraria fruticulosa
Portuiacaria afra
Basella alba
BASCX<L»
Ullucus tuberosus^
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Amaranthus palmeri
~ Amaranthus quitensis

•

Allionia violacea •
Mirabilis jatapa
•
BougainviUea sp.
•
A
Phytolacca acinosa
o
Aptenia cordifoUa
Tetragonia tetragonioides *
Talinum paniculatum
I— Talinum angustissimum
o
'— Talinum caffrum
*
I
Talinum triangulare
^ Talinella pachypoda
o
j
Anac. retusa
Grahamia bracteata •
- Talinopsis frutescens
•
Portulaca grandiflora
•
•
Portulaca mundula
H
Portulaca molokiniensis
*
Portulaca oleracea
•
Maihuenia poeppigii
•
Pereskia aculeata
•
Quiabentia verticillata
Montia perfoliata
Claytonia virginica
•
Montia diffusa
•
Montia parvifoUa •
Lewisia pygmaea •
Calandrinia volubilis
A
Calandrinia ciliata
•
Calandrinia compressa
•
Montiopsis umbellata
•
Montiopsis berteroana
•
Montiopsis cumingii
•
Cistanthe grandiflora
•
Cistanthe mucronulata
•
Cistanthe guadalupensis
Calyptridium umbellatum
Talinum mengesii
Alluaudia humbertii
Didierea trollii
• Calyptrotheca somalensis
O
r~ Ceraria fruticulosa
o
^ Portulacaria afra
o
— Basellaalba
*
•
- Ullucus tuberosus
Mollugo verticillata
r~

I
I
I

I

• South America
• North America

O
#
^
A
H
•

HGURE 2.

Africa
Madagascar
widely distributed
Australia
Hawaii
Asia
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nOURE CAPTIONS

FIGURE 1. Strict consensus of fifteen shortest trees (each of length = 1904, RI = 0.70, RC =
0.42) obtained from maximnm parsimony analysis of ndhF sequences. All taxa not labeled as
belonging to other families are presently classified within the Portulacaceae. Bootstrap values
over 50% are shown above branches. Decay indices are shown below branches. Small letters
above branches indicate the distribution of individual indels; see Table 4 for further
information on these indels.

FIGURE 2. Tree obtained from maximum likelihood analysis of ndhF sequences. Symbols
indicate geographic origin of included taxa; see discussion for further information.
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PHYLOGENY OF THE MADAGASCAN ENDEMIC FAMILY DIDIEREACEAE

A paper submitted to Plant Systematics and Evolution
Wendy L. Applequist and Robert S. Wallace

Abstract
A molecular phylogeny of the Didiereaceae was produced through parsimony
analysis of chloroplast rpll6 intron and tmL-tmF and tmT-tmL intergenic spacer sequences
of all eleven species of the Didiereaceae and several outgroup taxa from the Portulacaceae.
Results indicated that: 1) the Didiereaceae were embedded within the Portulacaceae, with
Calyptrotheca as the sister group of the family; 2) present generic limits were supported; 3)
Alluaudiopsis was the most basal lineage; 4) at least two separate episodes of
polyploidization within the genus Alluaudia had occurred, and 5) unusually low amounts of
variation were present in rapidly evolving noncoding sequences.

Introduction
The Didiereaceae have for many years been classified within the order
Caryophyllales; several lines of evidence, including pigment (Rauh & Reznik 1961),
serological (Jensen 1965), embryological (Rauh & Scholch 1965), and poUen (Nowicke
1975) data, have clearly demonstrated that this is their true phylogenetic affiliation. Several
authors (Thome 1976, Rodman & al. 1984, Kubitzki 1993, Hershkovitz 1993) have linked
the Didiereaceae to the often succulent families Cactaceae, Basellaceae, and Portulacaceae,
these four families together constituting a monophyletic portulacaceous cohort with the
former three families allied to or possibly originating within the Portulacaceae. Supporting
evidence for the position of the Didiereaceae includes unusual floral morphology similar to
that of the latter two families (e.g. Rauh & Scholch 1965), sieve-element plastid type
(Behnke 1969, Behnke & al. 1975, Behnke 1976, 1978), cpDNA restriction site data
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(Downie & Palmer 1994), rbcL sequence data (Rettig & al. 1992), and ORF2280 sequence
data (Downie & al. 1997). It has been suggested on morphological grounds that the
Didiereaceae are in fact embedded within a paraphyletic Portulacaceae (Hershkovitz 1993),
having particular morphological resemblances to the portulacaceous genera Portulacaria and
Ceraria (Rauh & Scholch 1965), and Hershkovitz & Zinmier's (1997) nuclear ITS study
supports such a relationship.
The Didiereaceae comprise eleven species divided into four genera (Table 1), of
which the largest is Alluaudia (six species). Alluaudia has been subdivided into Sections
Alluaudia and Androyella by Rabesa (1982a) based on features including flavonoid
chemistry and pollen characteristics; these sections also correspond to the thick-stemmed and
thin-stemmed alluaudias respectively. Despite previous investigations, the relationships
among the genera have not been adequately resolved. Rauh & Scholch (1965) suggest on
morphological grounds that the genus Decaryia is the most basal lineage; this monotypic
genus is gynodioecious, rather than dioecious as are aU other species, and it lacks the whorls
of spines and leaves that have become especially complex in Didierea. Palynological studies
also suggest that Decaryia is primitive (Straka 1975), but phytochemical evidence (Rabesa
1982b) suggests that Alluaudiopsis is the most primitive lineage, both Decaryia and Didierea
being more derived. Alluaudiopsis has been depicted variously as being more closely related
to Didierea (Rauh & Scholch 1965) or to Alluaudia (Rauh & Dittmar 1970). Ploidy level is a
confusing character in this group: Alluaudiopsis and Didierea are diploid (2N = 24, probably
representing a paleopolyploid), Decaryia is octoploid, and various species of Alluaudia are
diploid, octoploid, and decaploid (Schill & al. 1974; see Table 1).
The intentions of the present study were to obtain chloroplast DNA sequence data to
provide further evidence regarding the possible origin of the Didiereaceae from within the
Portulacaceae and to produce a molecular phylogeny of the family itself. Three noncoding
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cpDNA regions, selected for their presumed rapid evolutionary rates, were included in the
study: the rpll6 intron, the tmL-tmF intergenic spacer, and the tmT-tmL intergenic spacer.

Material and methods
Taxa and outgroup selection. AH eleven species of the Didiereaceae were sampled,
as enumerated in Table 2. Outgroups were selected from within the Portulacaceae.
Preliminary analyses of rpll6 intron sequences (Applequist & Wallace, unpublished data)
from several portulacaceous taxa, including two members of the Basellaceae, suggested that
Calyptrotheca somalensis was closely related to the Didiereaceae; that analysis was
otherwise largely unresolved, due to excessive homoplasy and multiple indels. Additionally,
a phylogenetic smdy of the family based on ndhF sequences (Applequist & Wallace, in prep)
has provided data supporting a sister-group relationship between Calyptrotheca and the
Didiereaceae. The genera Portulacaria and Ceraria (of which two species were sampled)
were also selected as an appropriate outgroup based on the same ndhF sequence data and on
Rauh & Scholch's (1965) observation of morphological similarities between these taxa and
the Didiereaceae. The Basellaceae appeared closely allied to the Didiereaceae in Hershkovitz
& Zimmer's (1997) ITS study; however, since preliminary data strongly indicated that they
were not the immediate sister group, they were not included as outgroups in an effort to
minimize homoplasy and aligmnent difficulties, particularly in variable regions of rpll6.
DNA isolation, amplification and sequencing. DNA was isolated from fresh leaf or
stem tissue according to the organelle pellet method of Wallace & Cota (1996), which is
designed to overcome the difficulty of extracting usable DNA from highly mucilaginous
xerophytic plants. Cesium chloride purified DNAs were used in all reactions. Primers used
for each of the three cpDNA regions sequenced are described in Table 3.
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PCR amplifications of the rpll6 intron were performed in 100 ^ reactions including
2.5 units of AmpliTaq polymerase (Perkin Elmer), IX buffer (Perkin Elmer), 2.5 mM
MgCl2,0.2 mM each dNTP, 20 pmol of each primer, and <10 ng of template chloroplast
DNA. PCR amplification, performed in an MJ Research PTC-100 thermocycler, began with
initiai melting for 1 min at 95°C, followed by 25 cycles of 1 min at 95°C, 1 min at 50°C,
increase in temperature to 65°C at 178 sec, and 4 min at 65°C; PCR amplifications were
concluded with a final extension phase of 10 min at 65°C.
PCR reaction mixes for the tmL-tmF spacer were as above. PCR amplifications, after
an initial 1 min at 94°C, consisted of 36 cycles of 1 min at 94°C, 1 min 15 sec at 45°C, and 3
min at 72°C; the concluding extension phase was 10 min at 72°C.
For amplifications of the tmT-tmL spacer, reaction mixes were as described except
that primer quantity was increased to 30 pmol. PCR amplification conditions were identical
to those used for the tmL-tmF spacer, except that 31 cycles were typically performed.
PCR products were cleaned and concentrated in Microcon-100 concentrators
(Amicon), using 75 |jJ reaction products and 200 |il dH20.. Sequences were obtained from
Iowa State University's DNA Sequencing and Synthesis Facility, on Perkin-Elmer/ABI
Model 377 automated sequencers, using sequencing primers as described in Table 3.
Sequence analysis. Sequences were aligned manually. Parsimony analyses of
separate and combined data sets were performed using PAUP 3.1.1 (Swofford 1993); all
positions affected by insertion/deletion [indel] events were removed from the analysis, as
were two adjacent nucleotide positions affected by homoplasious inversions, discussed later.
Branch-and-bound searches were performed on all data sets to identify most-parsimonious
trees. The three data sets were judged similar enough to combine into a single set, which was
analyzed in the same fashion. Relative support for identified clades was assessed through the
use of the bootstrap method (Felsenstein 1985) and decay analysis (Bremer 1988, Donoghue
& al. 1992). 1000 bootstrap repetitions were performed using the branch-and-bound search
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procedure; decay analyses were conducted using branch-and-bound searches to examine trees
up to six steps longer than the most parsimonious tree. A maximum likelihood tree for the
combined data set was produced using PAUP* (Swofford, 1999). The distribution of those
gaps whose limits and homology were readily evident was examined as plotted on trees
derived only from analysis of nucleotide substitutions.

Results
rpll6 intron. Sequences obtained (GenBank accession numbers AFlOl 128AF101142) excluded the first 200+ nucleotide positions of the 5' end of the intron, due to the
presence of long poly-A and poly-T sequences which interfered with further sequencing; the
total length of analyzed sequences, as aligned, was 928 bp. Parsimony analysis produced one
most parsimonious tree (Fig. 1A) which showed very poor resolution due to the very small
number of nucleotide substitutions observed within the Didiereaceae. The tree was 64 steps
in length, of which 27 steps separated the Portulacaria and Ceraria outgroup clade from a
clade consisting of Calyptrotheca and the Didiereaceae. A fiarther 11 character state changes
separated Calyptrotheca from the Didiereaceae. Within the family, the genera Alluaudiopsis
and Alluaudia were supported as monophyletic, as was Alluaudia Sect. Androyella. Within
Sect. Androyella, A. comosa was sister to the A. dumosa - A. humbertii clade. The
Didiereaceae sequences were shortened by almost 200 bp of deletions relative to
Portulacaria and Ceraria, as well as to a number of other portulacaceous taxa for which
sequences have been obtained (Applequist and Wallace, unpublished data), including
representatives of the Basellaceae and Cactaceae. In the most parsimonious alignment, these
represented several smaller deletions rather than a single event. Almost all of these deleted
positions were deleted in Calyptrotheca as well, providing further evidence that
Calyptrotheca is more closely related to the Didiereaceae than are Ceraria or Portulacaria.
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tmL-tmF IGS. The aligned length of the spacer region was 467 bp. A single tree
(Fig. IB) was obtained from parsimony analysis of these sequences (GenBank accession
numbers AF094834-AF094848). This region was both shorter and less variable than the
rpll6 intron, with fewer indels observed. Of 29 steps on the tree, 14 separated Portulacaria
and Ceraria (whose sequences were identical) from Calyptrotheca and the Didiereaceae;
another 10 separated Calyptrotheca from the Didiereaceae. A clade including all members of
the Didiereaceae, with the exception of the two species of Alluaudiopsis, was supported as
monophyletic, as was a clade consisting of the two species of Didierea; otherwise, the tree
was entirely unresolved.
tmT-tmL IGS. Partial sequences (GenBank accession numbers AF095913AF095925) were obtained beginning from the 5' end of this region; as aligned, 602 bp were
used in this analysis. Ceraria fruticulosa and C. pygmaea sequences were unreadable due to
the presence of long poly-T stretches within the first 150 bp; these taxa were excluded from
the data set. Three most parsimonious trees were obtained from analysis of tmT-tmL
sequences. In the strict consensus of these trees (Fig. IC), the same close relationship of
Calyptrotheca to the Didiereaceae was observed, and the three species of Alluaudia Sect.
Alluaudia were supported as monophyletic. The two species of Alluaudiopsis and Alluaudia
comosa formed a clade, with A. comosa basal to Alluaudiopsis. This result, which appeared
contradictory to the other data sets in this smdy as well as previous classification, was due to
a single nucleotide substitution found in those three species. The trees obtained from this
analysis were also very short (length = 45 steps) and this data set appeared to contain more
homoplasy than the other two, relative to the total amount of phylogenetic information
present, as is borne out by, for example, the somewhat lower RC values of 0.903 for these
trees as opposed to 0.920 for the rpll6 tree and 0.947 for tmL-tmF.
Combined data set. Since the individual data sets provided relatively poor resolution,
and because they were largely congruent (the only obvious incongruence being due to a
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single apparent homoplasy) the data sets were combined in an effort to achieve greater
phylogenetic resolution. The tmT-tmL IGS sequences of the two Ceraria species were coded
as missing data. From the analysis of the combined data set, a single most parsimonious tree
was obtained (Fig. 2). In this tree, as in all of those resulting from individual data sets,
Calyptrotheca was the sister group of the Didiereaceae. Within the Didiereaceae,
Alluaudiopsis was the basal lineage, while relationships among Alluaudia, Didierea, and
Decaryia were unresolved. All genera were supported as monophyletic, as were both sections
of Alluaudia-, the relationships within Section Alluaudia were unresolved, while A. comosa
appeared basal within Section Androyella. Bootstrap values and decay indices were quite
low, due to lack of character change rather than homoplasy; high RI and RC values (0.959
and 0.918 respectively), as well as decay indices equivalent to the number of
synapomorphies on all branches less than 13 steps in length, indicated that the data sets were
not in serious conflict and that this tree clearly represented the single best estimate of
phylogenetic relationships according to the limited information available from these data
sets. The maximum likelihood method produced a tree whose topology was identical to ±at
of the parsimony tree shown in Fig. 2.

Discussion
Despite the investigation of three noncoding cpDNA regions that are typically quite
variable (Taberlet & al. 1991, Jordan & al. 1996), a very small number of nucleotide
substitutions and a minimal number of indels were observed in all data sets, such that the
phylogenetic relationships within the Didiereaceae were only partially resolved by this
study.. By comparison, rpll6 sequences from a range of portulacaceous taxa (Applequist &
Wallace, unpubl. data), including members of the Basellaceae, Cactaceae, and Didiereaceae,
presented so many indels in some regions as to be virtually unalignable and displayed
considerable nucleotide sequence variability. Lack of nucleotide sequence change within the
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Didiereaceae may indicate that the eleven extant species are the resxilt of a very recent
radiation. Life history traits may also be relevant: it has been proposed (Wu & Li 1985) that
lengthy generation times will slow rates of molecular evolution, and the Didiereaceae may
have generation times of several decades, in contrast to the short generation times of the
mostly herbaceous Portulacaceae.
Indels in this data set were generally congruent with the tree based on nucleotide
substitution data alone (Fig. 2; the majority of clearly defined indels exhibit no homoplasy).
No indels were found to resolve clades not already resolved by at least one nucleotide
substitution; however, the use of indels as characters at this level would probably be
appropriate. Several autapomorphic indels were noted; interestingly, Alluaudia procera
possesses two large autapomorphic insertions, one of 10 base pairs in the rpll6 intron and
one of 14 base pairs (a seven-bp motif twice duplicated), in the tmL-tmF intergenic spacer.
Within the tmT-tmL IGS, two adjacent nucleotide positions varying in concert were
identified, which appeared to exhibit high homoplasy, a minimum of four character state
changes being required. (See Fig. 3 for sequences of this region.) Small homoplasious
inversions have in other noncoding cpDNA sequences been found to be associated with
formation of hairpin stems; Kelchner & Wendel (1996) found a four-bp region within the
rpll6 intron in bamboos which displayed homoplasious inversions in lineages which had
long stem sequences (at least 11 bp) and AG of -12.4 kcal/mol; they speculated that the
occurrence of inversions was correlated with those extremely favorable conditions, noting
that a group of taxa with a 9-bp stem and AG of -7.7 kcal/mol displayed no inversions. The
inversion found in this case had a shorter stem and a higher AG of -5.8 kcal/mol as calculated
by OLIGO 4.0 (Rychlik 1992). In these taxa, then, multiple inversions have occurred under
apparendy less favorable conditions.
All chloroplast DNA sequences examined ~ rpll6, tmL-tmF, and tmT-tmL — clearly
indicated that the sister group of the Didiereaceae was Calyptrotheca somalensis', both
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nucleotide sequences and extensive shared indels independently supported this relationship.
These results were roughly compatible with those of Hershkovitz & Zimmer (1997), who
found the Didiereaceae embedded within the Portulacaceae in a phylogeny based on nuclear
rrS sequences. Their study found the family Basellaceae and the Portulacaria and Ceraria
clade to be likely close relatives of the Didiereaceae; Calyptrotheca was not included in their
analysis. Thus, independent data sets from plastid and nuclear genomes, as well as striking
morphological similarities (Rauh & Scholch 1965), have supported the hypothesis of the
family's origin from within the Portulacaceae, making the latter family paraphyletic. (It
appears that the Portulacaceae are also paraphyletic due to the exclusion of other families,
including the Cactaceae; see Hershkovitz & Zimmer (1997) for discussion.)
The three genera that contain more than one species (Alluaudia, Alluaudiopsis, and
Didiered) are all supported, if weakly, as monophyletic by this study's results, which are in
agreement with previous researchers' conclusions based on morphological distinctions
among the genera. Alluaudiopsis was sister to the remainder of the family; this position is
supported by Rabesa's (1982b) phytochemical study. Alluaudiopsis is the only genus that is
shrubby rather than arborescent; this may represent the primitive condition, as the family's
portulacaceous relatives are largely herbaceous or, in the case of Portulacaria, Ceraria, and
Calyptrotheca, woody shrubs, but not large trees. Decaryia has previously been suggested to
be a basal lineage due to its unspecialized anatomy and gynodioecy, contrasting with the
remaining dioecious species. While most of the Portulacaceae have bisexual flowers, there is
a trend towards dioecy in Ceraria (which is not seen in Calyptrotheca). Gynodioecy in
Decaryia may represent a reversion to an ancestral condition, or complete dioecy may have
evolved independentiy in Alluaudiopsis and in Alluaudia and Didierea.
Relationships within the genus Alluaudia are relevant to the evolution of polyploidy
within the Didiereaceae. Section Androyella, including the diploids A. comosa and A.
humbertii and the octoploid A. dumosa, was found to be monophyletic. Section Alluaudia
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was also supported as monophyletic, although the relationships among its three species were
unresolved. Presumably decaploidy arose only once in the common ancestor of this clade; the
position of A. dumosa within a diploid clade means that high polyploidy has arisen twice
within a genus of six species. It seems quite clear that octoploidy arose independently in
Decaryia, as neither morphology nor molecular data place Decaryia within Alluaudia; thus,
three origins of high polyploidy within eleven species are supported. Whether some aspect of
these plants' life history predisposes them to polyploidy, or whether polyploidy may
somehow have provided a selective advantage, remains unknown.
The question of whether hybridization among these species is possible must be
considered. It might be speculated based on chromosome numbers alone that the decaploids
arose as "tetraploidized" hybrids of octoploid and diploid parents, but morphological
evidence does not support this hypothesis, nor do the cpDNA data presented here. Within
S&c\ion Alluaudia, Rowley (1992) argues that A. montagnacii may represent an A. ascendens
- procera hybrid. A. procera can be virtually ruled out as a chloroplast donor/or A.
montagnacii, given the presence of multiple indels in the fonner, which are not shared by the
latter. A. montagnacii possesses one identified autapomorphy in its plastome, which
distinguishes it from A. ascendens, but the latter cannot be clearly excluded as a possible
maternal parent.
The nearest relative of the Didiereaceae, Calyptrotheca, is endemic to East Africa
(Nyananyo 1986). The island of Madagascar separated from Africa some 100 million years
ago (Raven & Axelrod 1974). Thome (1978) argues that this event predated the evolution of
any modem angiosperm families with disjunct distributions; thus such distributions are better
explained by later long-distance dispersal. Certainly the very similar plastomes of
Calyptrotheca and the Didiereaceae make it clear that the separation of these two taxa is far
more recent. Thus, the Didiereaceae may be presumed to originate from the dispersal to
Madagascar of a Calyptrotheca-]ik& East African ancestor; lack of genetic change within the
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family suggests that the subsequent evolutionary

radiation was quite recent, although the

lengthy generation time of all species may be partly responsible for the slow pace of
evolution.
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TABLE L Classification and characteristics of the eleven species of the Didiereaceae.
(Chromosome counts from Schill & al. 1974.)

Taxon

Ploidy

Brachy blast

Other morphology

morphology
Alluaudia
Sect. Alluaudia

typically 1 spine, 2 leaves
2n = 240

arborescent, dioecious
thick-stemmed

A. ascendens
A. montagnacii
A. procera
Sect. Androyella

thin-stemmed

A. comosa

2n = 48

mostly w/ 1 leaf

A. dumosa

2n = 192

deciduous leaves

A. humbertii

2n = 48

Alluaudiopsis

2n = 48

shrubby, dioecious

A. fiherenensis

1 spine, 2 leaves

A. mamieriana

2 spines, usually 1 leaf

Decaryia

2n = 192

D. madagascariensis
Didierea

D. madagascariensis
D. trollii

2n = 240

2 spines; single, deciduous

arborescent,

leaves

gynodioecious

spines in whorls of 4, leaves

arborescent,

4-5

dioecious
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TABLE 2. Species for which sequences were obtained, with accession data. (HNT =
Huntington Botanical Garden, San Marino CA; DBG = Desert Botanical Garden, Phoenix
AZ; UConn = Univ. Connecticut Greenhouse; ISU = Iowa State Univ. Greenhouse.)

Species

Accession data

Didiereaceae
Alluaudia ascendens Drake

HNT 46226

Alluaudia comosa Drake

HNT 72594

Alluaudia dumosa Drake

HNT 39742

Alluaudia humbertii Choux

HNT 69290

Alluaudia montagnacii Rauh

HNT 42340

Alluaudia procera Drake

UConn s.n.

Alluaudiopsis fiherenensis Humb. & Choux

HNT 77101

Alluaudiopsis mamieriana Rauh

DBG 1987 0175-02-05

Decaryia madagascariensis Choux

G. Barad s.n.

Didierea madagascariensis Baill.

HNT 79350

Didierea trollii Cap. & Rauh

HNT 24589

Portulacaceae
Calyptrotheca somalensis Gilg

HNT 57830

Ceraria fruticulosa Pearson & Stephens

G. Barad s.n.

Ceraria pygmaea (Pillans) Rowl.

G. Barad s.n.

Portulacaria afra Jacq.

ISU greenhouse s.n.
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TABLE 3. Primers used for PCR amplification and sequencing of the rpll6 intron, tmT-tmL
IGS, and tmL-tmF IGS regions.

Primer name

Sequences (5' to 3')

Reference

Used for

rpll6
71 Forward

GCTATGCTTAGTGTGTGACTCGTTG

Jordan & al. 1996

Ampl

637 Reverse

GGTTCGTTCCGCCATCC

Dickie, unpubl.

Seq

1516 Reverse

CCCrTCATTCTTCCTCTATGTTG

Kelchner & Clark 1997

Seq

1661 Reverse

CGTACCCATATnTTCCACCACGAC

Jordan & al. 1996

Ampl

"A" Forward

CATTACAAATGCGATGCTCT

Taberlet & aJ. 1991

Ampl, Seq

"B" Reverse

TCTACCGATTTCGCCATATC

Taberlet & al. 1991

Ampl

"E" Forward

GGTTCAAGTCCCTCTATCCC

Taberlet & al. 1991

Ampl, Seq

"F" Reverse

ATTTGAACTGGTGACACGAG

Taberlet & al. 1991

Ampl

tmT-tmL

tmL-tmF

71

tmL-tmF Spacer

rpA16 Intron
A. ascendens
I

A. comosa

~1

duntosa
L_4. humbertll

B

trnT-tmL Spacer

A. ascendens

—4. dumosa

A. comosa

—A. humbertll

A. dumosa

—A. ascendens

A. humberti!
—A. montagnacll

A. montagnacll

A. montagnacll

A.procera

A.procera

D. madagascar.

O. madagascar.

D. troim

O. troim

Alps, flheren.

Decaryla

Alps, wamler.

Alps, fiheren.

Decatyla

Alps, mamler.

Calyptrolheca

Calyptrotheca

—A.procera
—A. comosa
Alps, flheren.

4:'Alps, mamler.
•D. madagascar.

C. pygmaea

rc:

C. fruHculosa

'P. afra

'0. troim

' C. pygmaea

-Decaryia

• C. frutlculosa

• Calyptrotheca

• P. afra

.P. afra

FIGURE I. Incompletely resolved phylogenies inferred from three noncoding cpDNA
sequences. A. Single most parsimonious tree obtained from rpll6 intron sequences. Length =
64 steps, retention index (RI) = 0.964, rescaled consistency index (RC) = 0.919. B. Single
most parsimonious tree from tmL-tmF IGS sequences. Length = 29 steps, RI = 0.981, RC =
0.947. C. Strict consensus of three most parsimonious trees from tmT-tmL IGS sequences.
Length of each = 45 steps, RI = 0.923, RC = 0.903.
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A.ascendens
A. montagnacii

63

M
62

S. Alluaudia

A. procera
A. comosa
A. dumosa

86
87

S. Androyella

A. humberOi

83

Did. madagascariensis

6 indels
>6

85

Did. trollii

100

Decaryia
Alps, riherenensis
>6

100

99

Alps, mamieriana

ma.

Calyptrotheca
Cer. fruticulosa

I 16 indels
94 U

Cer. pygmaea

ftffr

Portulacaria

FIGURE 2. Single most parsimonious tree resulting from combined analysis of rpll6, tmLtmF, and tmT-tmL sequence data. Length = 139, RI = 0.959, RC = 0.918. Numbers above
branches represent decay indices (which, on short branches, were equivalent to the number of
synapomorphies supporting the branch); numbers below branches represent bootstrap values.
Solid bars on branches indicate the location of clearly definable, unique indel events; open
bars represent homoplasious indels identified by "a" and "b".
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A. ascendens
A. comosa
A. dumosa
A. humbertfi
A. montagnadf
A. procera
D. madagascariensis
D. trollii
Decaryia
Alps, fiherenensis
Alps, mamieriana
Calyptrotheca
Portulacaria

2

3

8

1

1

0

GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT
GTCTATGAAT

TTGAAAATTC
TTGAAAATTC
TTGAAAATTC
TTGAAAATTC
TTGAAAATTC
TTTCAAATTC
TTGaiAAATTC
TTTCAAATTC
TTTCAAATTC
TTGAAAATTC
TTGAAAATTC
TTTCAAATTC
TTTCAAATTC

ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC
ATTTCAAATC

FIGURE 3. Sequences of tmT-tmL region prone to homoplasious inversions (nucleotide
positions 281-310, as aligned in these taxa). Bold-faced nucleotides are those subject to
inversion; asterisks above nucleotides indicate the nucleotides involved in the stem of the
hairpin responsible for repeated inversions.
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Abstract
A phylogeny of Anacampseros and its relatives based on rpll6 intron sequence data
is evaluated by comparison to Gerbaulet's cladistic analysis. Although these data did not
prove suitable for examining the pattern of evolution within Subg. Anacampseros,
relationships among major lineages were weU supported and in some cases contradictory to
traditional understanding. Talinopsis was the sole basal lineage of Tribe Anacampseroteae,
not sister to Grahamia as previously proposed. The Argentine A. kurtzii, which was
discovered only recently and thus not included in Gerbaulet's study, has been placed with A.
australiana in Subg. Tuberosae. cpDNA data, however, strongly support it as the sister group
of a poorly resolved clade whose members include Talinaria and all species of
Anacampseros. Thus, Subg. Tuberosae is polyphyletic. Moreover, if A. kurtzii is to be placed
within Anacampseros, Talinaria coahuilensis should be as well.

Introduction
Anacampseros, a largely South African genus of some two dozen small, leafsucculent xerophytes with basal representatives in Australia and Argentina, and four related
New World taxa {Talinaria coahuilensis, Xenia vulcanensis, Grahamia bracteata, and
Talinopsis frutescens) form the portulacaceous tribe Anacampseroteae Nyananyo ex Rowley.
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As classified by Gerbaulet {19923), Anacampseros is subdivided into Subg. Tuberosae
(consisting of the non-African species) and Subg. Anacampseros, which is further subdivided
into Sect. Anacampseros and Sect. Avonia, the latter being tiny, highly specialized plants
with greatly reduced leaves. Fruit morphology is one of the most important features of the
group; Anacampseros has a unique "basket" type of fruit, which is produced through the
separation and loss of the exocarp from the dry, fibrous endocarp. This fruit type is shared by
all members of the tribe with the exceptions of Grahamia bracteata and Talinopsis
frutescens.
Gerbaulet (1992a) performed a cladistic analysis of a morphological data set; her
generic-level cladogram is reproduced in Fig. 1. At the time of that study, Anacampseros
kurtzii was unknown, thus Subg. Tuberosae included only A. australiana. Gerbaulet also
produced a species-level phylogeny of Sect. Anacampseros', this work represents the most
detailed and thorough study of the tribe ever performed. There are, however, other studies of
the Portulacaceae as a whole which suggest different relationships among these taxa. Most
notable is Hershkovitz & Zimmer's (1997) ITS study, which suggests a basal separation of
the Argentine taxa and Grahamia bracteata from all remaining taxa, within which Talinopsis
frutescens is basal. This unlikely result may be affected by complications in the use of ITS in
this group, which Hershkovitz & Zimmer (1997) found to possess multiple repeat types.
Rowley (1994) reclassified the tribe based largely on vegetative features, elevating
Sect. Anacampseros and Sect. Avonia to generic status and lumping the remainder of the
tribe into Grahamia. Gerbaulet & Struck (1995) rejected this classification on the grounds
that Grahamia sensu Rowley would be paraphyletic (Figure 1). Indeed, Rowley presented no
alternative cladogram to justify the change in nomenclature, apparently preferring the
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traditional practice of autlioritarian taxonomy. Nevertheless, Grahamia sensu Rowley is
gaining wide acceptance among amateur botanists and plant collectors.
The adaptation of these taxa to extreme environments may place severe constraints on
morphological evolution, which might bias the results of morphological smdies. Thus, it
might strengthen conclusions about the tribe's evolutionary history to evaluate non-coding
DNA sequences, which are less affected by such limitations, side by side with traditional
data. In this study, sequences of the rapidly evolving chloroplast rpll6 intron were used for
this purpose.

Materials and Methods
Table 1 lists taxa included in the study. Representatives of the genus Talinum were
selected as appropriate outgroups due to the likelihood of close relationship to the tribe (see,
for example, Hershkovitz & Zimmer, 1997). Isolation of DNA from highly mucilaginous
mature plants was performed using the method of Wallace & Cota (1996). Due to the slow
growth of many taxa, DNA was often obtained from preparations of seedlings. For these
taxa, the Doyle & Doyle (1987) CTAB method was applied on a greatly reduced scale, such
that up to 0.3 g of fresh seedlings were ground in 500 ^I of CTAB buffer, samples were
extracted with 500 [il of chloroform-isoamyl alcohol, and the DNA precipitated with 300 |il
of cold isopropanol. DNA pellets were resuspended in 500 (il of TE buffer, precipitated with
100 Hi of 5 M sodium acetate and 1000 pJ of cold ethanol, and finally resuspended in 50 jil
of TE buffer. As little or no mucilage is present at the cotyledon stage, no fiirther purification
of these samples was required; sufficient DNA for PCR has been obtained by this method
using less than 0.05 g of seedling tissue.

PCR amplifications of the rpll6 intron were performed as described in Applequist &
Wallace (submitted). Jordan & al's (1996) 71 forward and 1661 reverse primers were used as
amplification primers. Kelchner & Clark's (1997) 1516 reverse primer was used as a
sequencing primer. The 5' half of the intron was not readily sequenced in some taxa due to
the presence of long poly-A and poly-T stretches (Applequist, unpublished data), so only 3'
sequences were analyzed (for a total aligned length of 735 bp). Sequencing was performed
by Iowa State University's DNA Sequencing and Synthesis Facility, using Perkin-Elmer/ABI
Model 377 automated sequencers.
Sequences were aligned with CLUSTAL W (Gibson & al., 1994) followed by manual
adjustment. Parsimony analysis was performed using PAUP* 4.0 (Swofford, 1999), with
insertion/deletion (indel) events coded as separate binary characters, equally weighted with
substitutions, except that regions affected by overlapping indels, such as a highly variable
poly-T region subject to slipstrand mutations, were excluded from the analysis. Maximum
likelihood analysis was performed with the same program, using a data set with indel
characters removed. Relative support for clades present in the parsimony strict-consensus
tree was evaluated by the bootstrap method (Felsenstein, 1985) and decay analysis (Bremer,
1988; Donoghue & al., 1992). For the bootstrap analysis, 1000 replicates were performed
using the heuristic search method. Decay analyses were performed using PAUP 3.1.1
(Swofford, 1993) to examine trees up to eight steps longer than the shortest tree; negative
constraints (Morgan, 1997) were used to maximize the chances of finding relevant trees.

78

Results
From heuristic parsimony analysis, 32 shortest trees were obtained, each of length
346; their strict consensus is shown in Fig. 2. Talinopsis was basal to an unresolved
trichotomy including Grahamia, Xenia, and all remaining taxa. Within that clade, A. kurtzii
was sister to a polytomy involving five lineages: A. australiana, Talinaria, Sect. Avonia, and
two clades of Sect. Anacampseros. As can be seen from the low decay index and bootstrap
values, few of the observed clades were strongly supported, especially within Anacampseros.
Exceptions include the separation of Talinopsis from all other taxa and of A. kurtzii from
Talinaria and the rest of Anacampseros.
Insufficient variability existed to fully resolve evolutionary relationships within Subg.
Anacampseros, or to have great confidence in identified clades, except that Sect. Avonia was
strongly supported as monophyletic. Maximum likelihood analysis (Fig. 3) gave results
similar to those of parsimony analysis, although somewhat more resolved; Talinaria was
embedded within Anacampseros in the maximum likelihood tree, although weakly. Xenia
appeared in that tree to be sister to Grahamia.
In comparing the rpll6 phylogeny to Gerbaulet's (1992a) cladistic analysis, some
similarities emerge at the infrageneric level. One of these is the identification of A. quinaria
followed by A. dinteri as the basal taxa within Sect. Avonia. Another is the support for a
clade of columnar members of Sect Anacampseros, comprising A. albidiflora, A.
arachnoides, A. baeseckii, A. filamentosa, A. karasmontana, A. namaquensis, and A.
subnuda. Finally, the segregation of the comparatively large-leaved A. rufescens, A. marlothii
(included in A. rufescens by Gerbaulet, 1992a), and A. lanceolata from the remainder of Sect.
Anacampseros mirrors Gerbaulet's identification of these plus A. telephiastrum as the basal
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lineage of the section. Placement of A. telephiastrum in this phylogeny was quite different, as
were the topologies within the derived members of Sect. Avonia and the columnar clade of
Sect. Anacampseros. Since the haplotypes of many of these taxa were extremely similar, it is
possible that some of the suspicious clades observed were due to a fairly low level of
homoplasy. It is also possible that lineage sorting or even present intraspecific polymorphism
was responsible for some of the incongruence with the morphology-based phylogeny of the
genus, especially given the very short internal branch lengths within the suspicious clades; it
is clear that very little sequence divergence has occurred within these lineages.

Discussion
In Gerbaulet's (1992a) analysis, Talinopsis and Grahamia form a clade sister to the
remainder of the family, whereas in this study the position of Talinopsis alone as the basal
lineage was strongly supported. The morphological synapomorphies linking the two may in
fact represent plesiomorphic features so far as the tribe is concerned. Rowley's (1994)
classification places into Grahamia not only Talinopsis, but also Xenia and Subg. Tuberosae.
Gerbaulet (1995) pointed out that this is a paraphyletic assemblage, and it was paraphyletic
according to these data as well. The rejection of Rowley's taxonomy is well-founded.
The position of Xenia was uncertain in Gerbaulet's (1992a) analysis: while its finiit
type is similar to that of the majority of the tribe, it has sessile flowers that suggested an
alternative grouping with Grahamia and Talinopsis. This species appears to be fairly basal
and unspecialized, possessing few synapomorphies that tie it to close relatives. The
molecular data as well failed to resolve this question; maximum likelihood analysis of
nucleotide sequence changes suggested a sister-group relationship with Grahamia. Such a

80

phytogeny would require either parallel evolution of the deciduous exocarp in Xenia or the
reversion to a persistent exocarp in Grahamia. The basal Talinopsis appears to show an
intermediate stage in the evolution of the fruit type, having a partial separation of the exocarp
and splitting of the endocarp that is more advanced than that seen in the more derived
Grahamia. On balance, the latter hypothesis seems the more likely.
The basal position seen here of A. kurtzii within the remainder of the tribe has two
implications for taxonomic classification. First, Subg. Tuberosae was not supported as
monophyletic: the lumping of A. kurtzii with A. australiana may be inappropriate. Second,
since Talinaria was more closely related to the remaining species of Anacampseros than was
A. kurtzii, the latter genus was paraphyletic. This undesirable situation could be rectified
either by creating a new genus for A. kurtzii or by subsuming Talinaria into Anacampseros.
Although such action would be difficult to justify solely on the basis of DNA sequence data,
few morphological characters actually separate Talinaria from Anacampseros (Gerbaulet,
1992a) and although it lacks the derived vegetative features of most Anacampseros species,
its reproductive structures are quite similar to those of certain taxa within Anacampseros.
Indeed, Carolin's (1987) cladisdc study of the Portulacaceae presents Talinaria and A.
australiana as the sister group of Subg. Anacampseros. Complete anatomical data are
unavailable for A. kurtzii, so whedier this taxon shares all the derived features of A.
australiana is not known, but superficially it does not seem to resemble Anacampseros more
than does Talinaria, and its basal position in a chloroplast DNA-based phylogeny
(presimiably less susceptible to environmental pressures) was strongly supported. Thus, we
intend to propose placing Talinaria within Anacampseros-, however, inclusion of a
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preliminary version of the necessary combination, below, within this dissertation is not
intended to constitute publication.

Anacampseros coahuilensis (Wats.) Applequist, comb, nov., in ed. Basionym: Talinum
coahuilense S. Watson, Proc. Amer. Acad. Arts. Sci. 26:132. 1891. Type: Mexico. State of
CoahuHa. Limestone hills, Cameros Pass, (29 May 1890), Pringle 3606 fide McNeill (1977).
Synonyms: Talinaria coahuilensis (S. Watson) P. Wilson, N. Amer. Fl. 21:290. 1932.
Talinaria palmeri Brandegee, Zoe 5:231. 1906. Lectotype: Purpus s.n. 1905 fide McNeill
(1977).

While Nyananyo (1988) recognized T. palmeri and "Talinum coahuilense" as separate
species (and, it appears wrongly, transferred the former to Grahamia), McNeill (1977)
insisted based on thorough observation that the two were conspecific; both Gerbaulet (1992a)
and Rowley (1994) recognize only one species.
There is generally considered to be only one Australian species of Anacampseros.
Forster (1987) observed morphological differences among populations of A. australiana; one
of the accessions Cfortuita") included in this study was originally collected by Forster
himself as an example of the atypical morphology. The two A. australiana accessions were
quite divergent, being separated by multiple indels as weU as nucleotide substitutions. Given
the similarity among haplotypes of quite disparate plants in Subg. Anacampseros, such
differences within a single good species seem unlikely; on the other hand, there is a sizeable
range of variation among subspecies of A. recurvata, as presently delimited. Possibly, this
provides some support for the view that A. australiana may indeed deserve subdivision.
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Unfortunately, only seedling material was available for this smdy, so direct observation of
the plants was not possible. Although several issues remain concerning specific limits
particularly in the morphologically reduced and specialized Sect. Avonia, this data set did not
seem suitable to address questions at that taxonomic level.
BiogeographicaUy, these data showed the three (at a minimum) basal lineages of the
tribe to be New World taxa, supporting the hypothesis that the tribe is of New World origin.
Raven & Axelrod (1974) conclude that direct migration was possible between South America
and Australia far longer than between either of those continents and Africa. Gerbaulet
(1992b) notes that an area-cladogram of the major anacampseroid lineages gives a different
result; if vicariance explained present distribution, we would expect the African lineages to
be the most basal, not the most derived. Gerbaulet therefore suggests that long-distance
dispersal is responsible for the tribe's present range, a conclusion that seems well justified.
No conclusions about the biogeography of Subg. Anacampseros can safely be drawn
from this study. General lack of variability within the subgenus was combined with
unexpected diversity among taxa classed by some authors as conspecific. Although sufficient
sampling of these often rare, small and exotic plants is difficult, a study of Sect. Avonia at the
population level, with the aim of uncovering the full range of genetic diversity and
comparing its distribution to that of morphological diversity, would be highly desirable.
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TABLE L Taxa included in the study. Generic, subgeneric, and sectional classifications
follow Gerbaulet (1992a). (BERL = Berlin-Dahlem; DBG = Desert Botanical Garden; DJF =
David J. Ferguson; DMC = David Cumming; HNT = Huntington Botanical Garden; JVT =
Jacques van Thiel; LAV= John Lavranos; MG = Maike Gerbaulet; PIF = Paul I. Forster.)
Taxon

Accession/source

Anacampseros L.
Subgenus Anacampseros
Section Anacampseros
<4. albidiflora Poelln.
A. arachnoides (Haw.) Sims
A. baeseckii Dinter
A. comptonii Pillans
A. filamentosa (Haw.) Sims ssp.filamentosa
A. karasmontana Dinter
A. lanceolata (Haw.) Sweet ssp. lanceolata
A. lanceolata ssp. nebrownii (Poelln.) Gerb.
A. marlothii Poelln.
A. namaquensis Pears. & Steph.
A. retusa Poelln.
A. rufescens (Haw.) Sweet
A subnuda Poelln. ssp. subnuda
A. telephiastrum DC.
Section Avonia (Mey. ex Fenzl) Gerb.
A. albissima Marloth
A. buderiana v. multiramosa Poelln.
A. dinteri Schinz
A. herreana Poelln.
A. papyracea ssp. namaensis Gerb.
A. papyracea Mey. ex Fenzl ssp. papyracea
A. quinaria Mey. ex Fenzl
A. recurvata ssp. buderiana (Poelln.) Gerb.
A. recurvata ssp. minuta Gerb.
A. recurvata Schonl. ssp. recurvata
A. rhodesica N.E. Br.
A. ruschii Dinter & Poelln.
A. ustulata Mey. ex Fenzl
Subgenus Tuberosae
A. australiana Black
A. australiana Black "fortuita"
A. kurtzii Bacigalupo
Grahamia bracteata Gill ex Hook.
Talinaria coahuilensis (Wats.) Wils.
Talinopsis frutescens Gray
Xenia vulcanensis (An6n) Gerb.

ex R. Martin; ISC 422974
PIF 1749
DJF loc.# 365; ISC 423211
ex DJF; ISC 422978
Glass & Foster 1934; ISC 422968
DBG 1985 0691
BERL. 159-69-86-20; ISC 423212

Outgroups:
Talinum paniculatum (Jacq.) Gaertn.
Talinum patens (Jacq.) Willd.

ISC living coll. s.n.
Schiller BoL Gard., IS #4451

JVT 96305
MG 23873
HNT s.n; ISC 423087, liquid coU.
JVT 96428
DMC 4356
LAV s.n.
LAV s.n.; ISC 423090, liquid coll.
Mesa Garden
HNT 46899
LAV s.n.; ISC 423088, liquid coll.
JVT 94233
Kirstenbosch Bot. Gard. 108/70
Mesa Garden
JVT 96336
ex HNT
Mesa Garden
ex JVT; ISC 422976
JVT 96390
JVT 96398
JVT 96327
HNT s.n.
JVT 96414
LAV s.n.
LAV s.n.
JVT 97467
JVT 94241
JVT 96306
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HGURE CAPTIONS
Fig. 1. Cladogram after Gerbaulet (1992a), summarizing her hypotheses of relationships
among major lineages. Subg. Tuberosae, at the time of her study, included only
Anacampseros australiana", the recently discovered A. kurtzii has been placed within this
subgenus, thus is implied to be the sister taxon of A. australiana.

Fig. 2. Strict consensus of 32 shortest trees, each of length 346, derived from maximum
parsimony analysis of rpll6 data. For each tree, retention index (RI) = 0.8177; rescaled
consistency index (RC) = 0.6476. Bootstrap values over 50% are shown above branches;
decay indices are shown below branches.

Fig. 3. Phylogram of the Anacampseroteae derived from maximum likelihood analysis.
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A. australiana
Sect. Anacampseros
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FIGURE 1.
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GENERAL CONCLUSIONS

General Conclusions and Recommendations for Future Research
One of the most important broad-scale phylogenetic issues within the Order
Caryophyllales is the potential derivation of advanced families from paraphyletic central
families, particularly the Phytolaccaceae and Portulacaceae (Cronquist 1981). The most
convincing evidence for the hypothesized origin of the Cactaceae, Basellaceae, and
Didiereaceae within the latter family had been nuclear ITS data (Hershkovitz and Zimmer
1997), which support the derived position of the Cactaceae more strongly than that of the two
smaller families. The ndhF data and other chloroplast DNA data presented here reinforced
those conclusions, while showing a topology of the portulacaceous cohort that was somewhat
different from that ITS phylogeny, and appeared at least in part to be more strongly
supported.
The cohort was divided into two main lineages; the first one to be addressed here
included the Cactaceae, a clade including Talinum Sect. Talinum and Talinella, and a clade
comprising Portulaca and the Tribe Anacampseroteae. Within this latter group, both ndhF
and rpll6 evidence support Talinopsis as the basal lineage. Unfortunately, ndhF data did not
resolve the relationships among these three subclades adequately; nor was the support for the
monophyly of the entire assemblage particularly strong. The collection of fiarther evidence is
warranted; however, if the poor resolution observed here is the result of a rapid evolutionary
radiation in the distant past, no molecular data set is likely to provide compelling support for
a better resolved phylogeny. If the cacti can be demonstrated to be embedded within the
Portulacaceae, the desire to recognize only monophyletic taxa will probably necessitate the
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fragmentation of the Portulacaceae, since subsuming the cacti into the Portulacaceae would
not be widely accepted; the latter name would of course continue to apply to Portulaca and
to its apparent sister group, the Anacampseroteae, but whether the Talinum clade could be
included as well is presently unknown. Hershkovitz and Smmer (1997) found the cacti to be
sister to aU of these, which would be nomenclaturally convenient, but their evidence could
not be described as incontrovertible. Nor is it desirable to recognize taxa solely on the basis
of a gene sequence. Now that these lineages have been identified as a likely monophyletic
group, a new examination of morphological features is called for, both to identify
synapomorphies that support clades appearing in molecular analyses and to find perhaps
previously overlooked features that may support greater resolution of phylogenetic pattern
within this half of the cohort.
The second major division within the cohort also included three major subclades: one
of the Basellaceae alone; one including the Didiereaceae, Calyptrotheca, and the
Portulacarieae; and one including the Montieae, Lewisia, Calandrinia and the genera
formerly associated therewith, Calyptridium, and Talinum Sect. Phemeranthus. These taxa
were not shown as a monophyletic group in Hershkovitz and Zimmer's (1997) ITS study;
while support for their topology is weak, support for this alternative topology was weak as
well. Chloroplast DNA evidence as presented here clearly supported Calyptrotheca as the
sister group of the Didiereaceae. It is thus possible to conclude with some confidence that the
Didiereaceae are properly placed within the Portulacaceae as presently circumscribed.
However, as mentioned above, the latter family may well be subdivided in the future; the
assemblage of portulacaceous genera described above (all New World taxa, ignoring clearly
derived dispersals to Austraha) would be placed into a new family. There is no support for a
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close relationship between the Didiereaceae or Basellaceae and this Hneage. Thus, transfer of
Calyptrotheca and the Portulacarieae to the Didiereaceae seems taxonomically simplest. This
portion of the cohort would then be divided into three families: the Basellaceae, the
Didiereaceae sensu lato, and the as yet unnamed clade of New World Portulacaceae. As with
the other half of the cohort, further data, morphological as well as molecular, are desirable to
support such a division; it is especially necessary to be able to point to clear morphological
synapomorphies in the definition of a family.
Molecular data have been and will continue to be useful in addressing generic limits.
The Portulaca half of the cohort has relatively few such issues, although cpDNA data have
drawn attention to problematic generic circumscriptions within the Anacampseroteae, and
confirmed the previously observed (Hershkovitz and Zimmer 1997) polyphyly of Talinum.
Far more contentious are relationships within the New World clade, especially among the
various lineages of Calandrinia and segregate genera. As Cistanthe and Montiopsis did not
form a monophyletic group with Calandrinia, within which they were formerly classified,
their removal (Hershkovitz 1991; Ford 1993) is supported. However, molecular data did not
support the inclusion of Calyptridium within Cistanthe (Hershkovitz 1991). Further efforts
should be made to resolve the phylogeny of these taxa. Since morphological data are
contentious and appear to conflict with molecular data (as in the case of Calyptridium) more
detailed molecular studies are desirable. In the present study, it appeared that sufficient
variability was found in ndhF to provide decent resolution of many lineages; a study using
the same locus, but with more thorough taxon sampling, would be desirable. Another group
that should be subjected to molecular study is the Montieae. These taxa have generally been
separated into Claytonia and Montia, with generic limits variable and with tiny segregate
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genera sometimes recognized (see summary in McNeill 1975, which includes a phenetic
smdy of morphological characters). Never doubted to be monophyletic, they were well
supported as such by ndhF data; more importantly, branch lengths within that clade were
comfortably long, suggesting that a molecular study with broader sampling might provide a
well-resolved phylogeny.
A major goal of phylogenetic study is to provide the basis for an evolutionary
classification of the taxa in question. For the portulacaceous cohort, this remains to be done.
Some of the likely steps to be taken have been outlined above; additionally, tribal-level
classification will need to be drastically revised. In the Portulaca half of the cohort, the
recognition of a few distinct lineages seems fairly straightforward. In the New World clade,
nomenclature, morphology, and phylogenetic pattern are more complex, and it is not
immediately clear where tribal boundaries should be drawn. As before, the importance of
providing some sort of morphological justification for clades to be recognized cannot be
overstated if a classification is to find broad acceptance. Thus, an examination of
morphological data (of which a great deal has been accumulated by previous researchers) in
light of recent molecular phylogenies is called for, to be followed by taxonomic
rearrangements as appropriate.
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