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ABSTRACT

The ca. 158 African species of Begonia represent 16 sections and occur
principally in the tropical rain forests of West and Central Africa, but are also found in
the more seasonal forests of East and South Africa. Other species are island endemics
found in: the Socotran Archipelago (2 spp.); Madagascar, the Mascarenes and Comores
(50 spp.); and the Gulf of Guinea Islands (4 spp.). Afro-Malagasy begonias include 40
species in sections Baccabegonia, Squamibegonia, Tetraphila and Mezierea, that

possess fleshy fruits, presumed to be an adaptation to bird or ant dispersal.

A phylogeny of African Begonia based on chloroplast trnL intron nucleotide
sequences resolved the wingless fleshy-fruited species of African Begonia as
monophyletic with the exception of species in section Mezierea. This section is
polyphyletic with B. meyeri-johannis and B. oxyloba forming an unresolved clade, and
B. salaziensis and B. comorensis more closely related to winged, dry-fruited Malagasy
species. All endemic Malagasy and Mascarene species sampled (representing sections
Mezierea, Erminea, Quadrilobaria and Nerviplacentaria) form a monophyletic group.
Another clade comprises the terrestrial, hydrophytic, predominantly West and Central
African, wing-fruited species in sections Scutobegonia, Loasibegonia, Filicibegonia
and Cristasemen plus Begonia iucunda. It includes the monotypic section Cristasemen
and B. iucunda that are sister to the remaining, more species-rich sections. This result is
mirrored by morphological and previous ITS data, and a new section, Chasmophila, is
established to accommodate B. iucunda. The predominantly East and South African
species in sections Augustia, Rostrobegonia, Sexalaria and Peltaugustia are more
closely related to American and Asian species of Begonia than they are to other African

species.

A comparison of separate analyses based on the chloroplast tnL intron and the
nuclear ribosomal internal transcribed spacer (ITS) and 26S regions show congruence in
portions of the tree that depict the West and Central African and endemic Malagasy
begonias, but are incongruent among the clades that include Asian, American and East
and South African species. In the ITS ‘ph'yldgcny'Asian and American species form two

separate monophyletic clades which collapsed when ambiguously aligned regions in the
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ITS matrix were eliminated. In the #rnL intron phylogeny American and Asian species
are interdigitated. These results weaken prior claims that American and Asian species of
Begonia are monophyletic. A combined #rnL intron, ITS and 26S analysis shows that

fleshy fruits are apomorphic within Begonia and evolved at least twice in Africa.

An overview of morphological character and character state delimitations in
Begonia found that different workers interpret morphology and delimit character states
in different ways. Twenty-seven characters were identified for the fleshy-fruited
begonias of sections Baccabegonia, Squamibegonia and Tetraphila. When combined
with molecular data, morphology resolved nodes that molecular data alone did not. This
combined analysis suggests non-monophyly of section Tetraphila, but a re-delimitation
of this section is not advised. Section Squamibegonia (B. poculifera, B. ampla, and B.
bonus-henricus) is monophyletic with B. baccata (section Baccabegonia) as sister. The
best indicators of species relationships within Tetraphila are stigma and style
morphology; forked styles with twisted stigmas are plesiomorphic within the section
and simple styles with contracted stigmas at their apex are apomorphic. Leaf shape and

habit characters also provide valuable synapomorphies.

Dates of evolutionary events in African Begonia were estimated assuming an
age of two million years for B. salaziensis, equivalent to the age of Réunion, and are
congruent with biogeographical hypotheses based on other plant and animal
phylogenies and with geological and climatological evidence. A large proportion of the
current diversity of Begonia in Africa is of pre-Pleistocene origin, and many of the main
lineages probably arose at the end of the Miocene, reflecting the general aridification
that converted large parts of central Africa into savanna or rain forest-savanna mosaic.
Areas previously identified as Pleistocene rain forest refugia have probably acted as
refugia repeatedly since the Miocene. S0 Tomé is identified as an important pre-
Pleistocene refuge for the genus. Species of relatively recent Pleistocene origin are
concentrated in the species-rich sections Tetraphila, Loasibegonia and Scutobegonia.
Begonia diversification on Madagascar is postulated to have followed a single dispersal
event at ca. 12 Ma, followed by the more recent dispersal of B. oxyloba from the

mainland.
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CHAPTER 1 Introduction: the genus Begonia and its African

representatives

1.1 THE BEGONIACEAE C.AGARDH AND ITS FAMILY RELATIONSHIPS

The number of genera recognised in the Begoniaceae differs in recent accounts,
ranging from two (Mabberley, 1993) to four (Takhtajan, 1997) or five (Heywood,
1993). However, specialists currently working on the family appear to agree that it
comprises three genera: Begonia L.!, Symbegonia Warb. and Hillebrandia Oliv. (van
den Berg, 1983; de Wilde, 1984; Tebbitt, 1997; Badcock, 1998; Forrest, 2000). In the
past, the family has been placed in the order Begoniales (Takhtajan, 1997) and the
Violales (Cronquist, 1981), but it currently forms part of the Cucurbitales alongside
Corynocarpaceae, Anisophyllaceae, Coriariaceae, Cucurbitaceae, Datiscaceae and
Tetramelaceae (Chase et al., 1993; Angiosperm Phylogeny Group, 1998). In a recent
phylogenetic study of the Cucurbitales, Swensen et al. (1998) found Datisca L.
(Datiscaceae) to be sister to the Begoniaceae. The family Datiscaceae itself proved to be
non-monophyletic, with the other two genera of Datiscaceae, Octomeles Miq. and
Tetrameles R.Br., placed as sister to the Begoniaceae plus Datisca clade. As a result,
Swensen et al. (1998) recommended the recognition of the family Tetramelaceae to

accommodate Octomeles and Tetrameles following the taxonomy of Airy Shaw (1964).

In contrast to the large size of Begoniaceae, reflecting the exceptional species
diversity of the genus Begonia (ca. 1400 spp.), families closely related to the
Begoniaceae are comparatively very small. Datisca (Datiscaceae) comprises two
species, while both Tetrameles (Tetramelaceae) and Octomeles (Tetramelaceae) are
monotypic, and Corynocarpaceae and Coriariaceae have only five species each. In

contrast, the Anisophyllaceae contain 29 species in four genera and the Cucurbitaceae



contain 760 species in 121 genera. The distributional patterns of these families and their
genera are also quite disparate. The genus Datisca is a northern hemisphere taxon while
other close relatives of the Begoniaceae (Tetramelaceae, Coriariaceae and
Corynocarpaceae) are from Asian, East Asian and Pacific regions. The Begoniaceae

itself is pantropical.

1.2 THE GENUS BEGONIA

Of the three genera currently recognised in the Begoniaceae, the pantropical
genus Begonia is by far the largest and is among the ten most species-rich angiosperm
genera (Frodin, pers. comm. 1999). It comprises approximately 1400 species currently
subdivided into 63 sections (Doorenbos et al., 1998). It occurs both in tropical and
subtropical regions, although is notably absent from Australia. Begonia shows the
classical pattern of species distribution found in so many other pantropical taxa
(Richards, 1973), with poor species representation in Africa compared with both Asia
and the Neotropics (Doorenbos et al., 1998). Compared to the over 600 species each
found in both South America and Asia, Africa (including Madagascar and the

Mascarenes) supports only an estimated 158 Begonia species, divided into 16 sections.

The 12 species of Symbegonia, all endemic to New Guinea, are easily
identifiable by the diagnostic campanulate corolla. Recent studies based on DNA
sequence data from the chloroplast region trnC—trnD (Badcock, 1998) and the internal
transcribed spacer regions (ITS1 and ITS2) of the 18S—-26S ribosomal repeat arrays
(Forrest, 2000) have shown Symbegonia to be nested within Begonia, specifically
within the Asian section Petermannia. This suggests that Symbegonia is an extreme
morphological variant of Begonia. In contrast, in molecular studies where both
Hillebrandia sandwicensis and species of Begonia have been sampled, Hillebrandia
always resolves sister to Begonia (Forrest, 2000; Wagstaff & Dawson, 2000). The genus
Hillebrandia is monotypic, the single species H. sandwicensis being endemic to the

Hawaiian archipelago.

! Authorities are given for generic and subgeneric taxa outside of Begoniaceae. In the Begoniaceae,
section authorities are included the first time sections are mentioned in the text. Species nomenclature
follows Doorenbos et al. (1998) and authors are not included here.



1.3 THE GENUS BEGONIA IN AFRICA

Most sections within the continental African Begonia are morphologically well
characterised, due primarily to intensive taxonomic research carried out at the
Agricultural University in Wageningen over the past 20 years. Relatively recent
published taxonomic revisions cover sections Baccabegonia (Reitsma, 1985),
Squamibegonia (de Wilde & Arends, 1980), Mezierea (Klazenga et al., 1994),
Loasibegonia (Sosef, 1994), Scutobegonia (Sosef, 1994), Rostrobegonia (Irmscher,
1961), Augustia (Irmscher, 1961) and Cristasemen (de Wilde, 1984). Moreover, the
revisions of sections Tetraphila (de Wilde, pers. comm., 1999) and Filicibegonia
(Wieringa, pers. comm., 2000) are in progress. The mainland African begonias have
also been treated for several floras, including the Flora of Tropical Africa (Hooker,
1871), the Flore du Congo du Rwanda et du Burundi (Wilczek, 1969) and the Flora of
Southern Africa (Hilliard, 1976). The Malagasy Begonia species were last revised by
Keraudren-Aymonin (1983) for the Flore de Madagascar, who recognised 50 species.
These species were not assigned to any sections, however, as she considered it

premature in the absence of a clear, widely accepted review of sectional delimitations.

Doorenbos et al. (1998), in their recent review of the sections of Begonia,
recognised four endemic Malagasy sections (Erminea, Quadrilobaria, Nerviplacentaria
and Muscibegonia). One further section, Mezierea, though more widespread, has
species that are endemic to both Madagascar and the Mascarenes. Of the 14 sections of
Begonia on continental Africa, three (Peltaugustia, Augustia, and Rostrobegonia) are
concentrated in eastern and southern regions of the continent, from the Socotran
Archipelago to South Africa. The remaining sections (Loasibegonia, Scutobegonia,
Filicibegonia, Cristasemen, Sexalaria, Tetraphila, Squamibegonia and Baccabegonia)
are predominantly West and Central African, showing highest species-diversity in
lowland and sub-montane regions of western Central Africa, from southern Nigeria to
Gabon (including the Gulf of Guinea islands). Among these tropical African begonias is
a group of 34 species representing three sections: Tetraphila, Squamibegonia and
Baccabegonia. These species, in addition to the six in the Afro-Malagasy section
Mezierea, are characterised by the possession of fleshy or pulpy, berry-like fruits,
showing little if any trace of the expanded wing-like appendages that characterise the

remainder of the genus. The term ‘fleshy’ on its own has been used widely to refer only



to the berry-like fruits in these species and to those in the Asian section Spenanthera
and the American section Parietoplacentaria (van den Berg, 1984; de Lange & Bouman
1991; Doorenbos et al. 1998). This terminology is followed in this thesis, and species in
these four sections are referred to as the “fleshy-fruited begonias”. In Africa, there are a
few other species, such as those in section Erminea from Madagascar or the African
section Scutobegonia that have intermediate fruits that exhibit a fleshy or pulpy texture
and possess fleshy wings or wing-like appendages. The fruits in these species have been
termed ‘juicy’ by some authors (Sosef, 1994). There is no standard by which we can
distinguish fleshy from juicy, and these terms should be considered interchangeable.
Both terms refer to the fruits of some Begonia species that, rather than forming dry
capsules at maturity, as is common in the genus, remain pulpy. In the following chapters
the fruits of species like those in section Erminea or Scutobegonia are termed winged
fleshy-fruited species, and it is these wings that separate them from the main subjects of

this study.

1.4 AIMS OF THE PRESENT STUDY

This thesis investigates the evolution and biogeography of the wingless fleshy-
fruited Begonia in Africa. In order to test the monophyly of this group, sampling was
extended to include numerous other African representatives of the genus, in addition to
several Asian and American species. The chloroplast DNA (cpDNA) #rnL intron was
chosen because during the early stages of the project, while testing different gene loci
for their phylogenetic value, it was found to have an adequate degree of variation
among African species of Begonia. It was also favoured because an extensive cpDNA

phylogeny for the genus did not previously exist. The aims of the thesis are:

1) To test the phylogenetic hypothesis for Begonia based upon sequence data of
the internal transcribed spacer (ITS) of nuclear ribosomal DNA (nrDNA).
Forrest (2000) produced a phylogeny of Begonia based on ITS sequence data.
This study was the first to significantly sample the genus, and included approximately
10% of species in the genus. On closer inspection of the ITS data it was obvious that the
levels of divergence in the locus, particularly between African lineages, were so high

that aligning many sequences was an ambiguous process. As a result, it is necessary to



test the phylogenetic hypothesis proposed for Begonia based on ITS sequence data with
a new, independent cpDNA data set, particularly among African species. This would
help to answer the question whether there is congruence between the phylogenetic
hypotheses of African Begonia based on nrtDNA and cpDNA sequence data. Based on a
comparison of phylogenies based on trnC-trnD (Badcock, 1998) and ITS sequences,
there have been some indications that there may be a localised lack of congruence. This
was tested by sequencing the #7nL intron for a much broader sample of species than the

trnC-trnD study.

2) To investigate the origin and evolution of fleshy fruits in Africa and to study
character evolution in species with this fruit type.

Based on morphological evidence, fleshy-fruits have been believed to be good
indicators of close evolutionary relationships. Here I aimed to test both this hypothesis
and answer the following questions: Have fleshy-fruits originated once (as is implied by
morphology) or on more than one occasion (as suggested by nrDNA data)? If they have
arisen more than once, where and how often? Finally, what are the relationships among
fleshy-fruited begonias in Africa and what are the patterns of morphological character

evolution among these species.?

3) To investigate the biogeography of African begonias.

The patterns of plant distribution we see in the African tropics today have been
considered to be largely attributable to climatic changes during the Pleistocene. By
combining the phylogenetic information from earlier parts of this study, together with
distribution information and knowledge of the climatological and geological history of
Africa, this section of the project approached the following questions: Do areas of
Begonia distribution and tree topology give insights into refugial patterns? And can a
molecular clock approach be used in Begonia to assess how divergence patterns

correlate with the physical history of Africa?

All three subjects are discussed in more than one of the following chapters.
These have been designed to stand alone like papers submitted to a peer reviewed
journal. As a result, there is a slight degree of repetition where an effort has been made

to place these subjects into context within each chapter.



CHAPTER 2 Phylogenetic relationships of the Afro-Malagasy

Begonia inferred from trnL intron sequences

2.1 INTRODUCTION

There are an estimated 158 species of Begonia in Africa, distributed throughout
sub-Saharan Africa, Madagascar and their offshore islands (Doorenbos et al., 1998).
Approximately one third of the 158 African begonias are endemic to Madagascar and
associated islands (Mascarenes, Seychelles and Comoros). Begonia diversity in Africa is
notably lower than in Asia or America, each of which maintains over 600 species. This
pattern of diversity, showing a contrasting high species richness in Asia and the
Neotropics with respect to a relatively species poor Africa, is recorded in numerous

other angiosperm génera (Richards, 1973).

There are two ecologically distinct classes of Begonia on mainland Africa. The
first consists of those species found in moist habitats of Tropical African lowland and
sub-montane evergreen rain forest, and which rarely occur East of the Lake Kivu region.
The centre of diversity for this group is in western Central Africa, in Cameroon and
Gabon. These include species in sections Baccabegonia, Squamibegonia, Tetraphila,
Loasibegonia, Scutobegonia, Filicibegonia and Cristasemen. The second group is
adapted to more seasonal, sometimes arid conditions and has a general afro-montane,
tropical East African distribution, ranging from the Socotran archipelago throughout the
Eastern Arc mountains to South Africa, with a few outlier species in West and Central
Africa; it includes 24 species in sections Rostrobegonia, Peltaugustia and Augustia.
Section Sexalaria, comprised of the single species B. annobonensis, is endemic to west

Central Africa, but is part of this group, being found in areas with increased seasonality



in areas of coastal Cameroon and the Gulf of Guinea islands.

Only one section, Mezierea, which belongs to the group of wet forest species,
occurs on both continental Africa and Madagascar. Four species in this section are
endemic to Madagascar and the Mascarenes (B. salaziensis, B. humbertii, B. comorensis
and B. seychellensis); B. meyeri-johannis is found in East Africa whereas B. oxyloba is
more widespread, occurring throughout tropical Africa and Madagascar (Klazenga et al.

1994).

2.1.1 Classification of African Begonia

Klotsch (1855) was the first author to place the 210 species of Begonia
(described up to that time) into 41 genera in the Begoniaceae. Subsequent authors,
however, did not follow Klotsch’s subdivision of the family (Doorenbos et al, 1998). In
1859, A. de Candolle produced the second monograph of the Begoniaceae, where he
reduced most of Klotsch’s (1855) genera to sections, and where he recognised only three
genera in the Begoniaceae: Begonia, Casparya and Mezierea. De Candolle's (1859)
African sections, which he placed in the genus Begonia and which still exist today are:
Augustia (Klotsch) A. DC., Erminea A. DC., Filicibegonia A. DC., Loasibegonia A.
DC., Muscibegonia A. DC., Nerviplacentaria A. DC., Quadrilobaria A. DC., Sexalaria
A. DC. and Tetraphila A. DC. In 1867, Bentham and Hooker placed 329 out of the then
330 species of Begoniaceae in the genus Begonia, while the single remaining species was
maintained in the monotypic genus Hillebrandia described a year earlier by Oliver
(1866). Warburg (1894) was the first systematist to classify the genus Begonia
according to geography, highlighting the importance of physical proximity in Begonia
classification. He was also the first worker to officially reduce the genus Mezierea
(Gaud.) Warb. to a section of Begonia. To de Candolle's (1859) sections, he added
sections Rostrobegonia Warb., Scutobegonia Warb. and Squamibegonia Warb. He did
not agree, however, with de Candolle's circumscription of section Nerviplacentaria,

which he listed under “dubious sections”. He also created Peltaugustia (Warb.) Barkley,



a subsection of Augustia, to accommodate the island endemic B. socotrana. Irmscher's
(1925) monograph of the family largely followed Warburg’s classification, but reinstated
the Malagasy section Nerviplacentaria. Baranov & Barkley (1974) elevated Warburg's
subsection Peltaugustia to sectional rank. A new species discovered by V. Plana in 1995
on the island of Samhah, adjacent to Socotra, has also been placed in this section
(Hughes & Miller, in press). In 1984, de Wilde erected the section Cristasemen J.J. de
Wilde to accommodate B. thomeana, previously placed in section Loasibegonia. In the
same year, Reitsma created section Baccabegonia Reitsma to accommodate B. baccata
and B. crateris, two endemic species from the island of Sdo Tomé (Gulf of Guinea
1slands), which were previously in section Squamibegonia. Thus, there are currently 16

recognised sections of Begonia in Africa (Doorenbos et al., 1998).

2.1.2 Sources of molecular phylogenetic data in Begonia

Segments of the chloroplast and nuclear genomes are those most commonly
sequenced in plants. The mitochondrial genome has, in contrast, been little used in plant
studies due to its slow substitution rates and extensive intramolecular recombination
(Soltis & Soltis, 1998). The chloroplast genome in photosynthetic land plants is
relatively small (120-200 kb) and most genes in it are viewed as effectively single-copy
(Soltis & Soltis, 1998). This avoids some of the problems in estimating phylogenies for
some multigene families in the nuclear genome which can be subjected to differing levels
of concerted evolution (Hershkovitz et al., 1999). It is also significant that chloroplasts
are predominantly uniparentally inherited (via the mother in most angiosperms), and
that cpDNA molecules are not therefore subject to recombination. This recombination
present in nuclear genes is what makes nuclear genes a mosaic of sequences with
differing evolutionary histories. In contrast, the cpDNA genome represents an organellar
rather than an organismal history and these histories may or may not be congruent.
However, it is recombination, combined with incomplete concerted evolution of gene
copies, which can complicate sequencing and estimating phylogenies in nuclear regions

such as ITS.



Non-coding chloroplast sequences are now regularly used in isolation or in
combination with other genomic regions to resolve phylogenetic relationships at the
species level and above. The trnL intron and trnL-trnF spacer are some of the most
commonly sequenced regions of the plastid (see Soltis & Soltis, 1998). The trnL-F
region consists of the trnL intron, which commonly ranges from 350 to 600 bp, the
small 3’ exon and the adjacent trnL-trnF spacer which is relatively small ranging from
120 to 350 bp (Soltis & Soltis, 1998). Gielly & Taberlet (1994) found that on average
the trnL region can evolve up to three times faster (including a high frequency of
insertions/deletions) than rbcL in some groups. Although most studies using sequences
from the trnL intron and trnL-trnF spacer are at the genus level and above, a few recent
studies have found this region useful for resolving species relationships (e.g. Fernandez

et al., 2001; Fukuda et al., 2001; Muasya et al., 2001).

Tebbitt (1997) sequenced the trnL-trnF region of 12 species of Begonia,
including one African species, to investigate its utility for the resolution of phylogenetic
relationships, but found the #rnL region to be insufficiently variable to merit further
work. Similar claims were made for ITS by L. Brouillet (pers. comm., 1995, in Tebbitt,
1997), but subsequently ITS has been shown to have very significant levels of sequence
divergence, in some instances to the extent of causing alignment difficulties (Forrest,
2000). Alignment ambiguity in Forrest’s study was noted as being considerably more
significant among African species, and for this reason it was thought appropriate for this
study to sequence the #rnL region in further taxa, to investigate whether suitable levels

of cpDNA variation could be found among African species.

2.1.3 Previous molecular phylogenetic work on African Begonia

The first molecular phylogeny of Begonia to include African species was carried
out by Tebbitt (1997). He included only eight species, B. meyeri-johannis, B.
salaziensis, B. manii, B. sutherlandii, B. dregei, B. johnstonii, B. quadrialata and B.

prismatocarpa in a broader study examining the relationships in the Asian section
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species, and (2) the polyphyly of the African section Mezierea. Unfortunately, both of
these studies included a very restricted number of African species. In Tebbitt’s study
only 33% (8/ 24 species) of the sampled species were African. In Badcock’s study the
number of species was even lower with only 15% (5/32 species) of species originating in

Africa.

The phylogenetic analyses of Begonia conducted by Forrest (2000) based on
sequences from the internal transcribed spacer (ITS) (Fig. 2.2) and 26S regions of
nrDNA, sampled 172 species of Begonia (41 African) across its entire geographic range,
representing 40 of the 63 sections currently recognised. The ITS data indicated that both
American and Asian species are monophyletic (although weakly supported), with the
New Guinea genus Symbegonia deeply nested within the Asian clade and showing
evolutionary affinities with species in section Petermannia (Klotzsch) A. D. C. In
addition African species were non-monophyletic, with some seasonally adapted
begonias from East and South Africa (sections Augustia and Peltaugustia) holding closer
links to Asian and American species than to other African species. This last discovery,
together with additional evidence demonstrating the polyphyly of section Mezierea, are
two results that were presaged by the trnC-trnD analyses of Badcock (1998). The
results from the separate ITS and 26S analyses in Forrest’s (2000) study, however,
were noticeably different. The 26S results did not show the level of geographic
clustering shown by the ITS data, particularly among American and Asian species. In
addition, the 26S data resolved a number of African wet forest species (B. thomeana, B.
dewildei, B. scapigera and B. iucunda) in a clade consisting of American, Asian and
seasonally adapted African begonias rather than with other African wet forest and
Malagasy begonias as did the ITS phylogeny. There are also two principal disparities
between the plastid and ntDNA phylogenies. The first is a discordance between basal
nodes, with the trnC-trnD data showing the species B. meyeri-johannis (presently in
section Mezierea) as the basal branch in Begonia, whereas the accepted ITS phylogeny
places B. meyeri-johannis as sister to the other fleshy-fruited and Malagasy begonias.

This result is also reflected in the 26S phylogeny (Forrest, 2000).
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The second discrepancy between the &rnC-trnD and ITS phylogenies is that, like the
26S data set, the trnC-trnD phylogeny does not support the monophyly of Asian and

American species.

The disagreements observed between existent Begonia phylogenies can probably
be attributed to differences in levels of sequence divergence between the different genetic
loci, resulting in higher levels of alignment ambiguity where sequence divergence is high.
In the ITS data matrix (Forrest, 2000) large portions of ITS 1 and ITS 2 are alignment
ambiguous, and in fact over half the matrix shows problems in alignment. This contrasts
with the alignment of 26S or trnC-trnD where the alignment of only small regions in the
matrix could be variously interpreted and cause problems. The effects these alignment
ambiguous regions in ITS have on the final topology are discussed further in the

following chapter.

A comparison of the Begonia phylogenies presented in two previous studies,
one based on ITS sequence data (Forrest, 2000) and the other on partial trnC-trnD
sequences (Badcock, 1998), shows a notable disparity in species sampling, particularly
among the basal nodes. Whereas the ITS phylogeny includes many Africa species, there
is poor sampling for this continent in the trnC-trnD phylogeny. This study aims to test
the phylogenetic hypothesis based on ITS sequences (Forrest, 2000) (Fig. 2.2) with an
independent data set comparable to the trnC-trnD study (Badcock, 1998) incorporating
a much broader sampling of African species. This will allow further investigation of
species relationships among African Begonia, with the aim of interpreting the evolution

of fleshy fruits, sectional monophyly and species-level biogeography.
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2.2 MATERIALS AND METHODS

2.2.1 Sampling and outgroup selection

Plant material was obtained from living collections at the Glasgow Botanic
Garden and the Royal Botanic Garden Edinburgh, and from fieldwork carried out by
myself in Cameroon with the support of the Royal Botanic Gardens Kew. Material
from Madagascar and Sdo Tomé was received from field workers in those regions. Fifty-
seven (approximately 36%) out of 158 African species of Begonia were sampled,
representing 15 of the 16 sections found in Africa and Madagascar (see Appendix 1).
Within sections the sampling was (sampled species/total number of species in section):
Augustia (3/12), Baccabegonia (1/2), Cristasemen (1/1), Erminea (4/12), Filicibegonia
(1/8), Loasibegonia (6/19), Mezierea (4/6), Nerviplacentaria (2/7), Peltaugustia (1/2),
Quadrilobaria (5/19), Rostrobegonia (3/10), Scutobegonia (2/21), Sexalaria (1/1),
Squamibegonia (3/3) and Tetraphila (19/30). American and Asian species were sampled
as place-holders to test the monophyly of the African sections, in light of previous
studies (Badcock, 1998; Forrest, 2000). A wide sample was taken from 15 different
American and Asian sections, corresponding to those American and Asian species used
to generate the 26S topology by Forrest (2000), with the aim of comparing the 26S, ITS
and trnL data sets in the following chapter. Hillebrandia sandwicensis and Symbegonia
sanguinea were included in the ingroup. Evidence from the chloroplast-encoded rbcL
gene and nuclear 18S ribosomal DNA has shown that Begonia is monophyletic
(Swensen et al., 1994; Swensen et al. 1998; Wagstaff & Dawson, 2000) and that it is
therefore a suitable ingroup (Nixon & Carpenter, 1993). However, evidence from the
internal transcribed spacer region (ITS) of nuclear ribosomal DNA (Forrest, 2000) has
shown Symbegonia to be nested within Begonia, and it is therefore treated as part of the
ingroup. The same studies have shown Datisca to be sister to the Begoniaceae and
therefore, a suitable outgroup for rooting a phylogenetic analysis. Both known species

of Datisca (D. glomerata and D. cannabina) were therefore chosen as outgroups.
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2.2.2 Molecular methods

Total DNA extractions were carried out from silica-dried or fresh material, using
a modified Doyle & Doyle (1987) CTAB protocol with the addition of 20 pl (in 980 pl
of CTAB) of 10% DTT or 2-mercaptoethanol. Including a small amount of PVPP
(polyvinylpolypyrrollidone) in the initial grinding process helped to remove secondary
plant products such as polyphenolics, tannins and quinones. One or two discs of plant
material were obtained using the top of a 1.5 ml Eppendorf tube as a cutter. The material
was ground in 1.5 ml eppendorf tubes with acid-purified sand and then incubated in the
1 ml modified CTAB buffer at 65°C for 30 minutes. The samples were then extracted
twice with 200 pl of chloroform-isoamy] alcohol (24:1). After each addition of the
chloroform-isoamyl alcohol the tubes were gently shaken to obtain a single phase and
then centrifuged for 2 minutes at 13,000 rpm. After centrifuging, the aqueous upper
phase was removed to a clean 1.5 ml Eppendorf tube. The DNA was then precipitated
by adding 600 pl of ice-cold isopropanol for ca. 12 hours (overnight). The tubes were
centrifuged for 2 minutes at 13,000 rpm to pellet the nucleic acid precipitate, and the
pellet was washed in 1 ml of wash buffer (76% ethanol + 10 mM NH,Ac). The final
pellet was suspended in 100 pl of 1X TE buffer (10 Mm Tris-HC1 + 1 Mm EDTA).
DNA presence was determined by electrophoresis running 5ul of the sample on a 0.8%
agarose for 30 minutes at 80V. When yield of total genomic DNA was insufficient using
this method, three mini-extractions were carried out using the above CTAB protocol.
The final pellet was diluted in 100 pl of water rather than TE buffer and all three
extractions were then combined into a DNEasy Plant Mini Kit extraction column
(Qiagen) and the DNEasy extraction protocol was followed from step 4. DNA presence

was determined as above.

PCR-amplification of the trnL intron and spacer used the universal primers trn-c
(forward) and trn-d (reverse) and trn-e (forward) and trn-f (reverse) (Taberlet et al.,
1991). Amplification reactions which were made up to 50 pl contained 33 pl dH,0, 2.5
pl 50 mM MgCl,, 5 pl 10X NH, buffer (160 mM (NH,), SO4, 670 mM tris-HCI (pH
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8.8 at 25°C), 0.1% Tween-20), 1.5 pl of each primer at a concentration of 10 uM, 5 ul 2

mM dNTPs, 0.5 pl (2.5 units) of Biotag DNA polymerase (Bioline), and 1 pl DNA.
The PCR amplification program for the #7nL intron was: a single initial cycle of 94°C for
3 minutes, followed by 30 cycles of 94°C for 1 minute (denaturation), 50°C for 30
seconds (annealing), and 72°C for 1 minute (extension). The PCR products were cleaned
using the QIAquick PCR Purification Kit columns (Qiagen) following the
manufacturer’s protocol. Forward and reverse sequencing reactions of the purified PCR
templates were made up to 10 ul and were performed with the Amersham Thermo
Sequenase™ II dye terminator cycle sequencing premix kit. The reactions included 2 pl
of the sequencing premix, 0.25 pl of the primer at a concentration of 10 pM, 6.75 pul of
dH,0, and 1 pl (ca. 200 ng) of the PCR template. Sequence cycling parameters were 25
cycles of 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes.

The forward and reverse sequences were obtained using an ABI (Applied
Biosystems) Prism 377 automated DNA sequencer. The trnL-F intergenic spacer did
not prove useful due to a mononucleotide (T) repeat at the 5' end affecting the reading of
the rest of the sequence due to PCR slippage, and therefore only sequences from the
trnL intron were used in this study. Sequences were checked using first Factura
(Applied Biosystems) and then Sequence Navigator, and assembled using
AutoAssembler 2.1 (Applied Biosystems). An initial alignment was carried out in
Sequence Navigator using CLUSTAL. Further alignments were performed manually in
PAUP* version 4.0b7 (Swofford, 2000). Strong sequence similarity for the #rnL data
made alignment by eye relatively straightforward (Appendix 2).

2.2.3 Phylogenetic analysis
Gaps inferred from the sequence alignment were coded according to the simple
method described by Simmons & Ochoterena (2000) where gaps with shared 5' and 3'

termini are coded as additional presence/absence characters. The region between base

positions 374 and 434 was excluded from the analysis because of alignment ambiguity
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and the presence of a mononucleotide repeat (T) at the 5' end. Gaps present in single

taxa were also coded to include gap autapomorphies in the final branch lengths.

An initial heuristic search involving a first round of swapping was carried out
with the following parameters: 1000 random addition sequences, followed by TBR
swapping, and not invoking either multrees or steepest descent. Random addition
sequences are carried out to avoid parsimony islands. Not invoking multrees results in
the saving of a single optimal tree per replicate, while not invoking steepest descent
limits swapping to optimal trees only. The tree output from this first round of
swapping was then fed as starting topologies into a second round of swapping, invoking
steepest descent and multrees and saving 10,000 trees, which is considered to be
sufficient to capture all topological variation (e.g. Sanderson & Doyle, 1993). To limit
the number of trees found, the “collapse branches if minimum length is 0” option was
invoked, collapsing branches in which there exists at least one most-parsimonious
reconstruction for every character such that no length is assigned to the branch. A
heuristic search was carried out using 1000 random addition sequences, followed by
TBR swapping, invoking both multrees and steepest descent. This method gave the
same strict consensus tree as when the “collapse branches if maximum length is 0”
option was used, but with a significant reduction in tree number (12 most parsimonious
trees). Therefore, this method, which is computationally more efficient, was used in
subsequent analysis which tested the effects of different gap penalties. A sensitivity
analysis (Whiting et al., 1997) was carried out to test the topological effects of gaps, in

which gaps were treated as (a) a fifth state, (b) as missing, or (c) coded separately.

A ratchet analysis (Nixon, 1999b) was implemented in NONA (Goloboff, 1993)
with the Windows interface Winclada (Nixon, 1999a) to determine whether a shorter
tree could be found using a different tree searching approach. A ratchet analysis is an
efficient method of surveying a wider tree space and of breaking islands by sampling
many islands with fewer trees in each island (Giribet & Wheeler, 1999; Nixon, 1999b;

Quicke et al., 2001) (Fig. 2.3). The ratchet analysis works by generating an initial tree on
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from all 50-100 trials are pooled, and then filtered to retain only the optimal trees. Using
character weighting to move through tree space allows movement among islands without
losing all the information created during the swapping exercise on the initial tree,

potentially generating shorter trees.

Branch support was investigated using 10,000 bootstrap replicates, keeping only
one tree per random addition sequence and swapping with TBR, with both multrees and
steepest descent switched off. The following criteria are used, in the text, for bootstrap
support: 50-69% weak, 70-85% medium and 86-100% strong. Decay indices (Bremer,
1988) were calculated using AutoDecay version 4.0 (Eriksson, 1998) as an alternative

method to test branch support.

To investigate the effects a non-parsimony approach would have on the final
topology, a maximum likelihood analysis was carried out. Parsimony reconstructs
phylogeny by minimising character state changes across the entire tree. In contrast
maximum likelihood is model-based and calculates the likelihood of the observed data
given a particular model of evolution. The evolutionary model which best fits the given
trnL sequence data was calculated using Modeltest 3.06 (Posada & Krandall, 1998). The
Akaike information criterion (AIC), which selects the best-fit model while imposing a
penalty for unnecessary parameters, was TVM+G (TVM + I'). This model is a
transversional model with the assumption that substitution rates follow a gamma (T" or
G) distribution i.e. substitution rates are not equal. In a transversional model different
empirical substitution rates are assumed for different transversions, and equal rates are
assumed for transitions ((Rmat) = (0.5819 1.0057 0.1689 0.7470 1.0057)). In this model
equal base frequencies were not assumed and were set to (Lset Base) = (0.4092 0.1484
0.1638) and the fraction of invariable sites was (Pinvar) = 0. The gamma distribution
was estimated to have a shape = 0.7960, where although most sites are invariable a few

have very high rates of substitution. Searches were carried out using TBR.
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2.3 RESULTS

The length of the #rnL intron ranged from 369 bp in B. baccata and species in
section Squamibegonia to 535 bp in most other species. Begonia baccata (section
Baccabegonia), and all three species in section Squamibegonia, share a large (231 bp)
deletion. Uncorrected pairwise distance measures among the Begonia species sampled
ranged from zero between species in section Squamibegonia (B. ampla, B. bonus-
henricus, B. poculifera) to 0.073 (7.3%) between the American species B. convolvulacea
and B. herbacea. In Africa, the highest divergence separated B. iucunda and B.
annobonensis (6%). Sequence divergence may reach 6% among American species
(excluding B. herbacea which shows high sequence divergence and a proportionately
very long branch length in the topology) and only 2% between Asian species, explaining
why Tebbitt (1997) concluded that the #rnL region was not useful for phylogeny

reconstruction.

The parsimony analysis of 129 informative characters yielded 10,000 trees of
length 335, consistency index (CI) of 0.776 (0.691 excluding uninformative characters)
and retention index (RI) of 0.887. The strict consensus of these trees is shown in Figure
2.4. TrnL intron sequences were useful for resolving sectional relationships, giving in
addition finer resolution within sections, particularly among African species, but they

proved unable to satisfactorily resolve basal relationships.

The parsimony ratchet analysis in NONA provided trees with the same length
(335 steps), and the same strict consensus topology as the maximum parsimony
analysis in PAUP. In this study the ratchet analysis in NONA performed equally to the
maximum parsimony analysis in PAUP, and therefore as an alternative search strategy
gives greater confidence to the matching result. The ratchet analysis is particularly
valuable to test whether the shortest tree has been found using standard parsimony

search strategies in PAUP.
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The single maximum likelihood tree was also identical to the strict consensus

topologies generated by the maximum parsimony and ratchet analyses.

All trees resolve five main clades (Figs. 2.4 and 2.5). Section Mezierea is clearly
non-monophyletic. The mainland species of this section, B. oxyloba and B. meyeri-
Jjohannis (Clade III), form a separate well supported (99% bootstrap) clade. The
Malagasy and Mascarene species in section Mezierea (B. salaziensis and B. comorensis)
form a well-supported clade (87%), nested within a strongly supported (86%)
monophyletic Malagasy clade (Clade IV). All trees resolve section Erminea as
monophyletic, all species of which have fleshy alate fruits, though their placement as
sister to the rest of the Malagasy Begonia is poorly supported. Within Clade IV, there
is a poorly supported (52%) clade consisting of species in sections Quadrilobaria and
Nerviplacentaria. Morphologically, both sections are very similar, separated only by

the presence of a wood-like stem in section Nerviplacentaria (Doorenbos et al., 1998).

All African mainland fleshy-fruited species, with the exception of the two
species in section Mezierea, are a monophyletic group (Clade I). All species in this clade
are also characterised by the presence of peltate scales on the leaves, stem and
inflorescence, and epiphytic habit of most species (section Baccabegonia is terrestrial or
rupestral, as are a few species in section Tetraphila). This clade is poorly supported
(59%), but within it there is strong support (97%) for the sister relationship of B.
baccata to a strongly monophyletic (86% bootstrap) section Squamibegonia. Most
species in section Tetraphila form a moderately supported clade (74%). Begonia
loranthoides, B. longipetiolata and B. eleaegnifolia, all currently placed in section
Tetraphila, are not resolved with respect to the core Tetraphila clade or the
Squamibegonia/Baccabegonia clade. They occur together in a well-supported clade
(92%). These three species deviate notably in morphology from the typical Tetraphila

species.

Clade V consists of the West and Central African terrestrial species of Begonia
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with two frequently yellow tepals in male and female flowers. Sections Loasibegonia
and Scutobegonia are both monophyletic (albeit weakly supported), despite the poor
sampling of section Scutobegonia. Sister to this core clade is B. aspleniifolia (96%
bootstrap), one of eight species in section Filicibegonia. Weakly to moderately
supported, but sister to this clade, are B. iucunda, a species from the Western Congo
(Bas-Congo and Kasai regions, Democratic Republic of Congo (Zaire)) which currently
has not been assigned a section (but see Chapter 5) and B. thomeana, the only known

species in section Cristasemen.

Whereas Clades I, III, IV and V are comprised of uniquely African or Malagasy
species, Clade II (Fig. 2.4 and Fig. 2.6) is geographically mixed, showing that African
begonias do not form a monophyletic group, a result that supports previous ITS
sequence data (Forrest, 2000). Basal nodes within this group lack bootstrap support.
African species found here are those with a general East and South African distribution.
Begonia socotrana, an endemic species from Socotra (an island off the Horn of Africa),
also occurs in this clade. All trees resolve a paraphyletic Rostrobegonia with respect to
the monotypic section Sexalaria (B. annobonensis), albeit with weak bootstrap support
(55%). Begonia annobonensis is distributed from Coastal Cameroon to the Gulf of
Guinea islands. The Asian species B. fallax and B. floccifera are strongly supported as
part of this African clade (98% bootstrap). Section Augustia is strongly monophyletic
(85% bootstrap), and is nested within a clade containing Asian and African species.

Similarly, B. socotrana is sister to the Asian species B. masoniana.

2.3.1 Sensitivity analysis

Treating gaps as a fifth state produces aberrant results in which Hillebrandia
sandwicensis was nested within the fleshy-fruited species, as sister to the
BaccabegonialSquamibegonia clade (2.7a). Treating gaps longer than one position with a
fifth state for each individual character position produces errors because the algorithm

assumes adjacent gap characters are independent of each other, when the entire length of
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the gap probably represents a single insertion or deletion event (Eerisse & Kluge,
1993). Species in the Baccabegonia/Squamibegonia group possess a 231 bp deletion,
whereas Hillebrandia has a 226 bp deletion in a similar, but not identical, position. In
this case the overlap of their long but differently positioned gaps is assumed to

represent multiple shared evolutionary events rather than two unrelated events.

Treating gaps as missing in the absence of a gap matrix produced a strict
consensus topology with significant structure except among numerous Asian and
American species (Fig. 2.7b). Analysis of the gap matrix alone produced an unresolved
bush, except among species in sections Tetraphila, Squamibegonia and Baccabegonia.
The differences observed by removing the gap matrix, show that most of the informative
characters in the #rnL sequence data are provided by base substitutions, but indels are
important in providing grouping information, particularly among Asian and American

species.

2.4 DISCUSSION

2.4.1 The polyphyly of section Mezierea and the evolution of fleshy fruits in African

Begonia

The results from the parsimony analysis of #rnL sequence data show section
Mezierea, all species of which have fleshy fruits, to be polyphyletic (Figs. 2.4 and 2.5).
This confirms, with far greater sampling, previous indications from other molecular
studies (Badcock, 1998; Forrest, 2000), and has great significance, both with respect to
the evolution of fleshy fruits in Begonia and the long-held idea that the presence of

fleshy fruits in Begonia is a unique synapomorphy.

Section Mezierea was last revised in 1994 (Klazenga et al., 1994) and is

composed of six species; B. meyeri-johannis, B. oxyloba, B. comorensis, B. salaziensis,
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Figure 2.7 Strict consensus of a maximum of 10,000 trees generated from the heuristic
search of #rnL sequences when (a) gaps are treated as a fifth state and (b) gaps are

treated as missing in the absence of a gap matrix.
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B. humbertii and B. seychellensis. Klazenga et al. (1994: 271) described the
differentiating characters of the section: "Section Mezierea may be distinguished from all
other sections by its placentation which is topographically parietal for more than 60%
of the ovary. From sections Tetraphila and Baccabegonia it also differs by the
indehiscence of the fruits and from section Squamibegonia by the absence of a perianth
tube and the absence of bracts that envelop the inflorescence and persist in the
infructescence." Most of its characteristics are absences of defining characters for other
sections, which is often the symptom of a non-monophyletic group (Judd et al., 1999).
Of all species in section Mezierea, the species B. meyeri-johannis has always been
regarded as aberrant or unique within the section due to its lianescent habit, unisexual
inflorescences, penta-locular ovary, five styles and possible dioecy. However, as a
whole, section Mezierea is strongly heterogeneous. Begonia salaziensis and B. humbertii
have female flowers with four tepals, whereas B. comorensis, B. oxyloba and B.
seychellensis have female flowers with only two tepals, and B. meyeri-johannis can have
two or four. In contrast, all species of section Tetraphila have four tepals and all

members of section Squamibegonia have two.

Divisions observed in the section delimited using different morphological
characters often conflict with each other, and none of them agree with the molecular
results (Table 2.1). In the case of pollen morphology, specimens of B. pycnocaulis and
B. cladocarpa, both now synonyms of B. oxyloba, possess different pollen types (van
den Berg, 1984). It is no surprise, therefore, that although there is strong molecular
evidence to separate the Malagasy and Mascarene species (B. comorensis and B.
salaziensis) from the mainland and widespread African members (B. oxyloba and B.
meyeri-johannis) of Mezierea, there are no morphological characters to justify this
separation. Clades like this one, which are supported by molecular evidence but not by
currently recognised morphological characters, are termed cryptic. Examples of cryptic
clades have been found in Astragalus (Wojciechowski et al., 1993), Rhamnaceae
(Richardson et al., 2000) and 4Andira (Pennington & Gemeinholzer, 2000). Begonia

salaziensis is the type species of section Mezierea. If a new section were to be created it
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Table 2.1 Relationships in section Mezierea hypothesised from different morphological

characters.

Pollen morphology Placentation General morphology Seed morphology

(van den Berg, 1985) (Reitsma, 1983) and placentation (de Lange & Bouman,
(de Wilde & Arends, 1992)
1989)

B. comorensis-type Subgroup Al Group 1 Group 1

B. comorensis B. oxyloba B. salaziensis B. meyeri-johannis

B. meyeri-johannis B. meyeri-johannis | B. humbertii Group 2

B. seychellensis B. seychellensis roup2 B. salaziensis

B. cladocarpa B. meyeri-johannis Group 3

(= B. oxyloba) Group 3 B. humbertii

B. oxyloba-type B. oxyloba Group 4

B. oxyloba B. comorensis B. oxyloba

B. pycnocaulis (= B. comorensis + B. seychellensis

(= B. oxyloba) B. seychellensis) B. comorensis

would have to accommodate B. oxyloba and B. meyeri-johannis. Both species are very
different, one of the most obvious differences being the habit; B. oxyloba is an erect herb,
whereas B. meyeri-johannis is lianescent. But B. meyeri-johannis also differs by its
penta-locular ovaries, five styles and unisexual inflorescence (Klazenga et al., 1994). In
order to create a section to accommodate these species detailed morphological studies

need to be carried out to find morphological synapomorphies for this clade.

Based on pollen morphology (van den Berg, 1984) and placentation (Reitsma,
1983; de Wilde & Arends, 1989) the fleshy-fruited African sections Mezierea,
Tetraphila, Baccabegonia and Squamibegonia have been considered the least derived
within Begonia, with section Mezierea possessing the greatest number of primitive
states. De Lange & Bouman (1991) agreed that, of the African sections possessing
fleshy fruits, section Mezierea was the least derived, but strongly opposed the view that
all fleshy-fruited African begonias represented a basal lineage within the genus. They

proposed that the seed characters of these species, typically associated with zoochory,
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were derived within the genus, quite distinct from those associated with the wind- or
water-dispersed seeds that are more common within the genus, and that are also found in

Datiscaceae, sister family to Begoniaceae.

In her study primarily dedicated to the phylogenetic investigation of section
Knesebeckia, Badcock (1998: 30) attempted to answer the question "Is Mezierea basal
within Begonia and does it form a clade with sections Baccabegonia, Squamibegonia
and Tetraphila?" Using both morphological data and sequence data from the plastid
region trnC-trnD she concluded that a clade of B. meyeri-johannis, B. salaziensis and B.
manii (all fleshy-fruited species) formed basal dichotomies with the rest of Begonia. In
this hypothesis, fleshy fruits would have arisen early in Begonia, evolving from the
leathery or dry unwinged capsules characteristic not only of the genus Hillebrandia , but
also of Datisca, the outgroup genus. Alternatively, and more recently, in an ITS-based
phylogeny of Begonia created by cladistic parsimony methods, the fleshy-fruited

species appear derived, nested within a wing-fruited clade (Forrest, 2000).

The trnL topology gives no resolution at the deeper nodes in Begonia, and it is
therefore impossible to give a clear answer to whether the fleshy-fruited species are
basal in the genus. Even though the relationships between B. oxyloba and B. meyeri-
Johannis are unresolved with respect to other African clades, the remaining species in
the section Mezierea (i.e. species occurring Madagascar and the Mascarenes) are
certainly not basal as they are nested within a Malagasy clade. The trnL phylogeny
indicates clearly that fleshy-fruits evolved at least twice in Africa, once on mainland
Africa and once on Madagascar, and that therefore the presence of fleshy fruits in
Begonia does not diagnose a single group (Fig. 2.8). The convergent evolution of fleshy
fruits is a common phenomenon, and has been recorded in the Melastomataceae, where
fleshy fruits have evolved three times (Clausing et al., 2000), or in the Rubiaceae, where
fleshy fruits are believed to have arisen 12 independent times in different genera (Bremer

& Eriksson, 1992).
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Although a majority rule consensus shows that 74% of trees place B. meyeri-
Jjohannis plus B. oxyloba as sister to the rest of the genus, topologies showing this small
clade as sister to the fleshy-fruited plus Malagasy species are present among the
remaining trees. ITS data suggests that the plesiomorphic fruit-type of Begonia would
have been winged (Forrest, 2000). Fruit-type optimisations are ambiguous for trnL,
mirroring the conflicting evidence between ITS and #nC-trnD data. Unfortunately, the

question as to the plesiomorphic fruit-type of Begonia remains unanswered.

It is significant that most fleshy-fruited species from mainland Africa are
monophyletic (Clade 1, Fig. 2.4). Unlike species in section Mezierea which have an
indumentum consisting of simple multicellular hairs, species in sections Tetraphila,
Squamibegonia and Baccabegonia have a peltate, scale-like indumentum, and this is an
important synapomorphy for the group. A more detailed assessment of this group,

including a combined #nL, ITS and morphological phylogeny, is presented in Chapter 4.

As in the Melastomataceae, baccate fruits in Begonia are strongly associated
with bird dispersal (Clausing et al., 2000), and in Begonia they are also closely
associated with epiphytism (Fig. 2.8). It is possible that similar growth forms and
habitats may have promoted independent origins of bird-adapted berries in African
Begonia. 1t remains unclear whether epiphytism in African Begonia evolved subsequent
to fleshy-fruits, or whether epiphytism and fleshy fruits evolved in tandem. The
evolution of fleshy-fruits appears to be a good precursor of epiphytisms and it is
tempting to hypothesise that if dispersed by birds the seeds of early fleshy-fruited
begonias would have been deposited in the tree canopy, therefore possibly triggering an

epiphytic habit.

2.4.2 Evolution of the West African yellow-flowered Begonia and related species

Clade V (Figs. 2.4 and 2.5) incorporates the hydrophilic, predominantly

terrestrial, wing-fruited begonias, with two tepals in male and female flowers which are
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frequently yellow. They are also frequently rhizomatous in the case of Scutobegonia,
Loasibegonia and Cristasemen. Although weakly sampled (particularly section
Scutobegonia) there are some indications that both sections Scutobegonia and
Loasibegonia could each be monophyletic. However, this interpretation conflicts with
ITS data (Forrest, 2000) that show B. dewildei, of section Scutobegonia, nested within
section Loasibegonia. As Sosef (1994) deduced from morphological affinities, section
Filicibegonia is sister to Loasibegonia plus Scutobegonia. Filicibegonia shares
similarities in the inflorescences and stigmas with these two other sections, and they all
possess small seeds with large collar cells (de Lange & Bouman, 1991). Levels of
endemism are higher among these species than they are among the fleshy-fruited species
with similar distributions, and this has been ascribed to their poor dispersal mechanism,
which probably occurs by wind or rain-splash (Sosef, 1994). Assuming that sections
Loasibegonia and Scutobegonia are monophyletic as currently circumscribed, there is an
increase in species richness in this clade, with the basal branches consisting of single
species in monotypic sections (i.e. B. thomeana in section Cristasemen and B. iucunda),
and a more species-rich derived group (section Filicibegonia and sections Loasibegonia
and Scutobegonia). The solitary positions held by B. iucunda and B. thomeana are
supported by their unusual morphology. Begonia thomeana is a climber, known from
Sao Tomé and Gabon. One of its most characteristic features, apart from its climbing
habit, are its long, fusiform seeds. Similarly, B. iucunda, a species from the Western
Congo (Bas-Congo and Kasai regions, Democratic Republic of Congo (Zaire)) has
characteristic solitary flowers and a stoloniferous habit with an underground tuber, from
which a rooted rhizome is produced that develops above the ground into a flowering
upright stem. Whereas the branches in the more species-rich sections Filicibegonia,
Scutobegonia and Loasibegonia are comparable to those of the fleshy-fruited or
Malagasy species in Clades I and IV (Fig. 2.5), there is a substantial molecular distance
between these species and B. iucunda and B. thomeana. This could reflect high
extinction rates in a once widespread clade, followed by relatively recent speciation

generating the diversity in Loasibegonia and Scutobegonia. Alternatively, the B. iucunda
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and B. thomeana lineages may have speciated less than those leading to Loasibegonia or

Scutobegonia.

2.4.3 The phylogenetic position of the East and South African begonias and

questions regarding the monophyly of Asian and American species

Clade II (Figs. 2.4 and 2.5) differs strongly from the other clades by the lack of
large geographically monophyletic groups; rather African, Asian and American species
are interdigitated (Fig. 2.6). Section Rostrobegonia is most closely related to an Indian
clade, section Augustia to American species, and B. socotrana (section Peltaugustia) is
sister to B. masoniana, an Asian species. Similarly, neither the American nor the Asian
species taxa are monophyletic. This pattern contrasts strongly with findings based on
ITS sequences of 174 American, Asian and African species, which suggested geography
to be the prime indicator of species relationships and showed monophyly at the
continental level for South American and Asian species (Forrest, 2000; Fig. 2.2). In her
study the East and South African begonias (with the exception of B. socotrana) emerged
as sister to an American/Asian clade in the case of species in section Augustia, or sister
to all West and Central African and Malagasy species in the case of Rostrobegonia and
Sexalaria. Asian and American species were split into two clades, one for each
continent. Begonia socotrana resolved as sister to two Indian species, a clade which

itself was sister to a larger Asian clade.

Patterns resembling those found in the trnL intron sequence based study
presented here emerged from a phylogeny based on sequence data from part of the
plastid #rnC-trnD region, where there was no clear association between phylogeny and
geography (Badcock, 1998), and in a 26S nrDNA phylogeny (Forrest, 2000). The 26S
phylogeny based on 35 Begonia species was generated to investigate deeper
relationships within Begonia based on a slower evolving nuclear gene than ITS.
Maximum parsimony analysis and maximum likelihood analyses of the 26S sequence

data showed little geographic structure among the American and Asian species. Indeed,
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26S appeared to give an erroneous estimate of phylogeny, since many of the
relationships shown are not corroborated by any other data set. Forrest (2000) then
produced an ITS phylogeny of the same species as the 26S sampling. The results of the
maximum likelihood analysis showed the same geographic structure seen in the more
expanded sampling. Therefore, sampling density alone cannot be the cause of section
Augustia nesting within an American/Asian clade in the plastid DNA studies. Reasons
for this discrepancy between ntDNA and cpDNA phylogenies (discussed in greater
detail in the following chapter) can include non-biological reasons such as differences in
sampling, or biological reasons that include sequence rate heterogeneity, lineage sorting,
chloroplast capture, hybridisation and introgression. The place-holder effect (Sytsma &
Baum, 1996), where topologies vary according to the choice of place-holding taxa, may
also be the reason for the incongruence in this clade between the chloroplast genes and

ITS.

2.4.4 Implications for the taxonomy of sections Augustia, Rostrobegonia, Augustia

and Sexalaria

The general assumption that geography is a good predictor of relationships in
Begonia, led authors such as Doorenbos et al. (1998) to assume that sections Augustia,
Rostrobegonia and Peltaugustia were closely related, prompting comments such as
“[Section Rostrobegonia is] closely related to section Augustia and possibly identical
with it.” (p. 178). But as can be seen in Fig. 2.4 this is not the case, and suggests

morphological heterogeneity in these sections as currently circumscribed.

Species in sections Augustia, Rostrobegonia and Peltaugustia constitute only
about 15% of all African species, but are very characteristic in their adaptation to more
seasonal conditions such as those found in present-day East and South Africa afro-
montane regions. Whereas the majority of these species occur in this region, one species
in section Rostrobegonia, B. rostrata (not sampled), occurs in West and Central Africa,

showing a clear geographical disjunction with other species in the section. Begonia
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annobonensis, in section Sexalaria, is known only from coastal Cameroon and the Gulf
of Guinea islands, and is very similar to species in section Rostrobegonia. The trnL
phylogeny (Fig. 2.6) shows B. annobonensis nested within section Rostrobegonia,
which suggests the desirability of merging both sections. However, in the ITS
phylogeny B. annobonensis is sister to section Rostrobegonia (Forrest, 2000), making a

taxonomic decision without further evidence unwise.

The trnL sequence data give no evidence for the postulated close relationship
between section Rostrobegonia and Augustia. It does, however, give evidence for a
monophyletic Augustia and a monophyletic Rostrobegonia. This is not supported by
studies in which broader sampling of these sections has been carried out. Forrest (2000)
included B. sonderana (section Rostrobegonia) in her ITS study (there were problems
amplifying the #rnL intron for this species). This species clustered with species in
section Augustia (B. homonyma, B. dregei and B. sutherlandii), indicating that neither
section as currently defined is monophyletic. Partial ITS sequence data (T. McLellan,
2000, pers. comm. in Forrest, 2000) confirm the current position of B. brevibracteata in
section Augustia. M. Hughes (pers. comm., 2001) believes that section Rostrobegonia
should only include B. engleri, B. johnstonii, B. rostrata and possibly B. annobonensis,
which are species characterised by being annuals or short lived-fleshy-stemmed
perennials, having serrate to crenate leaf margins, a tuft of hairs at the apex of the

petiole, and lacking tubers or bulbils.

2.4.5 The monophyly of Malagasy Begonia

TrnL sequence data shows a monophyletic clade (Clade IV, Figs. 2.4 and 2.5)
consisting of all endemic Malagasy species. This suggests a single dispersal event to
Madagascar from mainland Africa and subsequent speciation on the island. Begonia
oxyloba which is a widespread species also found on Madagascar is excluded from this
clade and probably represents a later dispersal event to Madagascar. There are

approximately 50 species of Begonia which are endemic to Madagascar or its associated

37



islands (the Mascarenes, Comoros and Seychelles). In the revision of Begonia for the
Flore de Madagascar et des Comores, Keraudren-Aymonin abstained from placing the
Malagasy species into any of the sections existent at the time (1983). At present, there
are four sections recognised in Madagascar: section Nerviplacentaria (7 species), section
Quadrilobaria (19 species), section Muscibegonia (2 species) and section Erminea (12
species). A few species such as B. bosseri or B. mangorensis have not been ascribed to
any of the existing sections (Doorenbos et al., 1998). Section Erminea (B.
betsimesaraka, B. nana, B. bogneri and B. sp. nov. 1 in Clade IV Figs. 2.4 and 2.5) is
characterised by the presence of fleshy winged fruits, and this distinction is mirrored in
the monophyly of this section in the trnL phylogeny. In contrast, neither section
Quadrilobaria nor Nerviplacentaria, both of which have dry winged fruits, are resolved
as monophyletic (Clade IV, Fig. 2.4). Doorenbos et al. (1998) noted that the only
probable difference between these two sections was the presence of a woody stem in
section Nerviplacentaria. The possible lack of monophyly in these two Malagasy
sections means that further work should be done to find the morphological characters, if
present, that best mirror their phylogenetic relationships. This should be done in
combination with broader sampling and the addition of nrDNA sequence data such as
ITS. Doorenbos et al. (1998) highlighted similarities among sections Quadrilobaria,
Rostrobegonia and Augustia, based on tepal number and caulescence, but there is no

evidence from #rnL for the close relationships between these sections.

2.4.6 Is Begonia the result of a rapid radiation?

The lack of resolution at the basal nodes of a molecular cladogram can be due to
several reasons such as multiple substitutions at high divergence rates (Olmstead et al.,
1998; Cruickshank et al., 2001), a high taxon to character ratio (Cruickshank et al.,
2001), or a rapid radiation over a short period of time (Bateman, 1999; Cruickshank et
al., 2001) that occurs faster than the genomic region used in phylogenetic analyses is
evolving. Since both the trnL phylogeny presented here and phylogenies presented in

other studies show either no resolution or resolution in the absence of significant
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bootstrap support, there is some indication that the major lineages of Begonia which led
to the extant species arose during a very short period of time. However, it is also true
that there is character conflict among the basal nodes leading to the lack of resolution.
This is indicated by the basal polytomy found in the #7nL phylogeny being “soft” i.e. it
is present in the strict consensus, but individual trees are resolved, although conflictingly
at these nodes. Molecular branch lengths subtending species (or groups of species) of
African Begonia and two American clades (one holding B. luxurians, B. lobata, B.
angularis, B. ulmifolia and B. convolvulacea, and the other B. solananthera, B.

herbacea, B. holtonis and B. obliqua; see Fig. 2.6) are particularly long, indicating faster

evolutionary rates within these groups.

2.5 CONCLUSIONS

Using #rnL sequence data to estimate phylogeny in African begonias gave well-
supported and well-resolved sectional relationships, but the relationships between these
clades, or basal nodes, were unresolved. Mainland fleshy-fruited species with peltate
indumentum (comprising sections Baccabegonia, Squamibegonia and Tetraphila) are
monophyletic. Species in the remaining fleshy-fruited section Mezierea possess an
indumentum made up of simple hairs, and are not as closely related to other fleshy-
fruited species as once thought. Section Mezierea is polyphyletic, with the Malagasy
members of the section resolving within a monophyletic Malagasy clade. The terrestrial,
2-tepaled, West and Central African yellow-flowered begonias and their related species
also form a monophyletic clade, with the monotypic section Cristasemen and B.
iucunda (see Chapter 5) holding a solitary, basal position. The predominantly East and
South African sections species in Rostrobegonia, Augustia, Sexalaria and Peltaugustia
show greater affinity with Asian and American begonias and are interdigitated among
them. Therefore, the trnL phylogeny does not support previous findings which show all
American and all Asian species to be monophyletic. The molecular phylogeny agrees, on

the most part, with the sectional delimitation of African species based on morphology,
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although further work should be carried out to delimit boundaries between sections
Augustia, Rostrobegonia and Sexalaria, between the Malagasy sections and within
section Mezierea. The trnL topology showed high levels of similarity with the
phylogeny produced from ITS sequence data in the relationships between west and
central African and Malagasy species. However, there are some notable incongruences
among the basal nodes and among the relationships of American and Asian species. The
following chapter examines these incongruences more carefully, to investigate whether
the differences reflect underlying biological processes or are a product of phylogenetic

estimation procedures.
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CHAPTER 3 Phylogenetic analysis of Afro-Malagasy Begonia based

on combined nuclear ribosomal and chloroplast sequence data

3.1 INTRODUCTION

Incongruence between phylogenetic estimates from different data sets is a
common occurrence and has therefore, been the topic of widespread discussion (for a
recent review see Wendel & Doyle, 1998; Johnson & Soltis, 1998). As was noted in
Chapter 2, analyses based on the #rnL intron (present study) and ITS (Forrest, 2000)
show some incongruence and little or no support for the basal nodes in the separate
phylogenies. Determining whether this incongruence is due to "real" causes brought
about by underlying biological mechanisms or "spurious" causes reflecting stochastic
error in data generation and analysis can be difficult to assess, but is best achieved by
studying the level of character and topological incongruence between data sets. In this
chapter I investigate the root of the topological incongruence between #rnL intron and
ITS sequence data and determine whether a total evidence approach gives greater
support to all clades, resolving basal relationships in Begonia, particularly among
African clades. Since the basal relationships in the #nL intron phylogeny were
unresolved, and those in the ITS phylogeny were poorly supported, it was hoped that a
broader sampling of 26S (a relatively slowly evolving region) sequence data in

combination with #rnL and ITS data would further resolve these relationships.

3.2 CAUSES OF TOPOLOGICAL INCONGRUENCE AMONG
PHYLOGENIES

There are two main causes for phylogenetic incongruence (differing topological
patterns due to character conflict). Real causes which can underlie phylogenetic

incongruence include convergent or rapid morphological evolution that cause
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discrepancies between morphological and molecular data (Bateman, 1999), rapid
diversification, lineage sorting, and hybridisation and introgression (for review see
Wendel & Doyle, 1998). The main spurious reasons can be accounted for by gene
choice, sequencing error (although this is now much reduced) and taxon sampling (for
review see Wendel & Doyle, 1998).

There is growing evidence that true heterogeneity produced by biological or
“real” processes does occur (Riesberg & Soltis, 1991), although how common this
heterogeneity is remains unclear. In African Begonia there is evidence of natural
hybridisation in some species in sections Loasibegonia and Scutobegonia (Sosef, 1994).
Hybridisation has also been recorded among Asian species of the genus (Peng & Cheng,
1991; Teo & Kiew, 1999). Overall, given the number of Begonia species, there is little
recorded evidence of hybridisation in the wild. In contrast, crossings of different species
in artificial conditions, often between species from different continents, has been very

successful, as is demonstrated by the vast number of hybrid cultivars in existence.

3.3 COMBINED OR SEPARATE DATA ANALYSIS?

The question of how to use different data sets in phylogenetic analyses has been
the topic of heated discussion in the literature (for reviews see de Queiroz et al., 1995;
Huelsenbeck et al., 1996). Three philosophies surround the topic of combining or
segregating different data sets: (1) the combined or "total evidence" approach (Kluge,
1989), also termed "simultaneous analysis" (Nixon & Carpenter, 1996), (2) the
consensus approach (Miyamoto & Fitch, 1995), also termed "separate analysis"
(Huelsenbeck, et al., 1996) or "taxonomic congruence" (Eernisse & Kluge, 1993) and
(3) the conditional combination approach (Bull et al., 1993; de Queiroz, 1993 or "prior
agreement approach" (Chippindale & Wiens, 1994).

The combined “total evidence” approach states that the greater number of
characters that are used in an analysis the higher the likelihood of the true tree being
recovered or of increased support being found for specific relationships within the tree.
It argues that data should always be combined (Hillis, 1987; Kluge, 1989; Barrett et al.,
1991; Donoghue & Sanderson, 1992; Eernisse & Kluge, 1993; Kluge & Wolf, 1993).
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Unlike the consensus method (see below), which considers only taxonomic congruence,
the total evidence method allows characters from different partitions (i.e. different data
sets within a combined analysis) to interact with each other, resolving character conflict.
When large numbers of characters are all combined, even if from different sources (i.e.
morphology or different genes), then the total evidence approach should provide the
best estimate of phylogeny, as the true phylogenetic signal will overcome misleading
effects caused by biologically induced data partition heterogeneity (Chippindale &
Wiens, 1994). Results of this process may, however, recover trees which are
antagonistic to one or other of the data sets, and the approach fails to recognise
discrepancies in the results of separate analysis of data sets which may due to biological
(e.g. lineage sorting, chloroplast capture) rather than artificial reasons (e.g. stochastic
error) (Johnson & Soltis, 1998). Therefore, combining data a priori leaves no space in
which to explore phylogenetic signals resulting from independent data sets, and in
essence denies the occurrence of natural events such as hybridisation, which can bring

about this type of incongruence.

In contrast, the consensus method advocates that partitions should be analysed
separately and that different phylogenetic estimates should be compared using
taxonomic congruence: that is, creating a consensus of the most parsimonious trees
resulting from the separate analyses (Miyamoto & Fitch, 1995). Advocates of this
method were concerned that the total evidence approach, when combining a fast and a
slow evolving gene, could lead to swamping of the phylogenetic signal from a slow
gene by that from a faster gene because the latter provides far more characters
(Miyamoto, 1985). The same scenario would occur with large and small data sets, for
example the combination of molecular and morphological data, where the
morphological matrix is generally comprised of a significantly smaller number of
characters. However, phylogenetic signal observed in the resulting topology of a
combined analysis is not necessarily correlated with the number of variable characters
(as high levels of homoplasy can show), but rather to the pattern of character
covariation (Gauthier et al., 1988). Eernisse & Kluge (1993:1172-3) summarised the
main criticisms levelled against the consensus method; "(1) a consensus of different
fundamental cladograms can be positively misleading; (2) the different data sets being
analysed are equally weighted, but their constituent characters are unequally weighted

when the sizes of the data sets differ; (3) there is no clear basis for achieving a
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consensus of suites of equally parsimonious, fundamental cladograms; and (4)
partitioning evidence into classes is artificial because there is little reason to believe

such categories are mind-independent categories with discoverable boundaries."

Consensus approaches are not commonly used because the resulting consensus
topologies can show considerably lower levels of resolution than trees recovered from
the separate analyses, and this method does not allow independent characters to interact
with each other. Advocates of the total evidence approach disagree strongly with
separate analyses because the notion of partitions is artificial (Barrett et al., 1991;
Eernisse & Kluge, 1993). The main criticism of consensus methods is that they, as in
the total evidence approach, do not attempt to determine whether the discrepancies
between different phylogenetic estimates from difference partitions are the result of
biological or stochastic events (Huelsenbeck et al., 1996). Furthermore, consensus
methods aim to summarise congruence between different topologies irrespective of the

support levels of shared clades (Chavarria & Carpenter, 1994).

The conditional combination approach is the most widespread method used to
treat separate data sets (for examples of recent papers see Joy & Conn, 2001; Roalson et
al., 2001; Simmons et al., 2001). This method employs statistical methods to determine
whether or not phylogenetic estimates resulting from different data sets are congruent
and whether data sets should be combined (Bull et al., 1993; de Queiroz, 1993; Rodrigo,
1993). This approach resembles the total evidence approach except that when the data
are shown to be significantly incongruent, combining them is not advised (Huelsenbeck,
1996). This method allows for the exploration of different data sets, and room to
investigate the cause of topological incongruences when present. In addition, it ensures
the combination of data sets that are not significantly incongruent (Johnson & Soltis,
1998). This method, however, raises the question of measuring levels of agreement
between different topologies. Numerous statistical and other methods have been
proposed to measure incongruence and determine when incongruence is "significant"
(reviewed by Johnson & Soltis, 1998). Dependence on a statistical value may simply
give quantitative justification to something that is inherently apparent from the
topologies, therefore a statistical value alone may be insufficient to determine whether
or not to combine data sets (Johnson & Soltis, 1998). Fundamentally, the 5% (P = 0.05)
threshold in congruence tests such as the incongruence length difference test (ILD,



Farris et al., 1994) at which to reject the null hypothesis is an arbitrary value and
therefore should be interpreted with care, especially in borderline cases. However, if
statistical tests show overwhelming support or rejection for data combination this can be

useful in deciding whether or not to combine data.

Evaluating the level of incongruence by the degree of support of respective
clades is a commonly used non-statistical (or qualitative) method (Seelanen et al., 1997;
Eldenids & Linder, 2000; Richardson et al., 2000). De Queiroz (1993) was the first
author to suggest that bootstrap values for clades could form the basis for the
combination of data partitions. Seelanen et al. (1997) used clade support as a
heterogeneity test, coining the terms “soft incongruence” and “hard incongruence”. Soft
incongruence reflects conflicting taxon positions or clades with low bootstrap support.
In these cases data combination is recommended. Data combination should not be
considered in the face of “hard incongruence”, when alternative phylogenetic

hypotheses are well-supported by high bootstrap values.

The conditional combination approach was used in this study to treat multiple
data sets. Levels of incongruence were examined using both Farris et al.’s (1994)
incongruence length difference (ILD) test (the most commonly used statistic) and the
degree of bootstrap support for particular clades. The ILD is termed the partition
homogeneity test in PAUP (Swofford, 2000).

3.4 METHODS
3.4.1 Sampling and molecular methods

The overall aim of taxon sampling in this study was to produce an even sample
of African Begonia species sequenced for trnL, ITS and 26S (Appendix 1). The trnL
intron sequences used were the same as those in Chapter 2. The choice of non-African
placeholder species in the #rnL matrix was guided by species sequenced for 26S by
Forrest (2000). A proportion of the ITS and 26S sequences were obtained from Forrest
(2000). Seventeen species (mostly from Madagascar or fleshy-fruited mainland African

species) which were present in the #7nL data set but absent from Forrest's (2000) ITS
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data set were sequenced for ITS. Similarly, 14 species that were present in the trnL data
set but absent from the 26S data set were sequenced for 26S. Outgroups were selected
as in Chapter 2 (Datisca cannabina and D. glomerata). Symbegonia sanguinea and

Hillebrandia sandwicensis were treated as part of the ingroup.

Primers used for amplification of ITS1/ITS2 were AB101 and AB102 (Sun et
al., 1994). Part of the 26S region was amplified using primers p71 and p81 (Oxelman &
Liden, 1995). Sequencing methods used in this study were like those described in
Chapter 2 and are not described in detail here. Amplification reactions were made up to
50 pl: each contained 33 pl dH,O, 2.5 pl 50 mM MgCl,, 5 pl 10X NH, buffer (160 mM
(NH4), SO4, 670 mM tris-HCI (pH 8.8 at 25°C), 0.1% Tween-20), 1.5 pl of each primer
at a concentration of 10 uM, 5 pl 2mM dNTPs, 0.5 pl (2.5 units) of Biotag DNA
polymerase (Bioline), and 1 ul DNA. The PCR program for ITS included an initial
cycle at 94°C for 3 minutes, 30 cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C
for 1 minute 30 seconds, and a final single cycle at 72°C for 5 minutes. The PCR
program for 26S involved an initial denaturing step at 95°C for 4 minutes followed by
30 cycles of 95°C for 30 seconds, 57°C for 1 minute and 72°C for 2 minutes, and a final
extension cycle of 72°C for 7 minutes. The PCR products were cleaned using the
QIAquick PCR Purification Kit columns (Qiagen) following the manufacturer's

suggested protocol.

Forward and reverse sequencing reactions of the purified PCR templates were
made up to 10 pl and were performed with the Amersham Thermo Sequenase™ II dye
terminator cycle sequencing premix kit. The reactions included 2 pl of the sequencing
premix, 0.25 ul of the primer at a concentration of 10 pM, 6.75 pl of dH,0, and 1 pl
(ca. 200 ng of DNA) of the PCR template. Sequence cycling parameters were 25 cycles
of 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. The forward and
reverse sequences were obtained using an ABI (Applied Biosystems) Prism 377
automated DNA sequencer. Sequences were checked using Factura (Applied

Biosystems) and assembled using AutoAssembler 2.1 (Applied Biosystems).

Problems in the form of sequence polymorphism have been previously found
when amplifying ITS in several Begonia species but when cloning was carried out and

analysed all copies clustered together in the same clade (Forrest, 2000). This problem
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was not widespread among the species sequenced here. Although there is high sequence
divergence of this region at the section level (Forrest, 2000), divergence between

closely related species is low.

3.4.2 Phylogenetic analyses

The same trnL intron alignment presented in Chapter 2 was used. ITS sequences
generated in this study were added to the alignment presented by Forrest (2000). An
attempt was made to realign the entire ITS matrix using CLUSTAL with subsequent
manual alignment in PAUP* version 4.0b7 (Swofford, 2000). However, the CLUSTAL
alignment was much worse than Forrest's (2000) alignment, and it was finally decided
to use Forrest's alignment as a template to which sequences were added and small
alignment readjustments made by eye. High rates of sequence divergence in parts of the
ITS data set rendered large parts of the ITS1 and ITS2 alignment-ambiguous. Although
alignment was straightforward among closely related species (e.g. those in section
Tetraphila), there were alignment problems and therefore severe problems of character
definition in a large part of this region between less closely related species (e.g. between
species in section Tetraphila and species in section Mezierea). To investigate the effects
these regions have on the topology, sensitivity analyses (Whiting et al., 1997) were
carried out by both including and excluding these regions. The following characters
were then excluded from the analyses: 697-856, 893—894, 902-910, 921-929, 951-997,
1174-1340, 1369-1372, 1394-1398, 1410-1415, 1436-1444, 1456-1513 and
1519-1576. The alignment-ambiguous region 374434 of trnL was also excluded from
all analyses as in Chapter 2. Forrest's 26S alignment was used and subsequent species
added and aligned by eye. The alignment-ambiguous regions 1768—1771 and
1893-1896 were excluded from the 26S analysis.

Two matrices were created with different numbers of coded taxa: (1) ITS—trnL
(Appendix 3); and (2) ITS-trnL-268S (Appendix 4). Seventy-seven ITS and #nL intron
sequences were available for the same species (i.e. representing the same accessions).
There were, however, only 48 26S sequences available, so the #rnL and ITS matrices
had to be culled, so that all matrices had identical terminal taxa, prior to a combined

analysis with the 26S data.
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In all analyses, an initial heuristic search involving a first round of branch
swapping was carried out using the following parameters: 1000 random addition
sequences (to prevent tree searches being trapped in local optima), followed by TBR
swapping, and not invoking either multrees or steepest descent. Not invoking multrees
results in the saving of a single optimal tree per replicate, while not invoking steepest
descent limits swapping to optimal trees only. The tree output from this first round of
swapping was then fed as starting topologies into a second round of swapping, invoking

steepest descent and multrees and saving a total of 5000 trees.

Branch support was investigated using 10,000 bootstrap replicates, keeping only
one tree per random addition sequence and swapping with TBR, with both multrees and

steepest descent switched off.

To test congruence between the ITS, trnL and 26S data sets an ILD test was
carried out, as implemented in PAUP* version 4.0b7. This test is based in random
repartitioning of the combined data, where in this case the trnL, 26S and ITS matrices
are considered as partitions of the combined data set. The null hypothesis would expect
characters that give phylogenetic information to be randomly distributed between data
sets. Random partitions are then carried out to test whether these provide distance
values less than the distance between the original partition tests. To reject the null
hypothesis (i.e. to accept incongruence between data sets) the type I error rate is
commonly set at 5%, therefore when P < 0.05 we can reject the null hypothesis and
assume that the data sets are significantly incongruent (Johnson & Soltis, 1998).
Congruence was also subjectively assessed by observing congruence with respect to
support values for separate clades (Seelanen et al., 1997; Eldends & Linder, 2000;
Richardson et al., 2000).

3.5 RESULTS

Table 3.1 shows the results from both the separate and combined analyses. Over
half of the ITS characters were removed from the analysis when alignment-ambiguous
regions were excluded, and the number of informative characters was quartered, thus

approximating the number obtained from the more readily aligned trnL data.
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3.5.1 trnL intron data set

Uncorrected pairwise differences for the trnL intron ranged from zero between
B. bonus-henricus and B. poculifera, B. preusii and B. capillipes, B. furfuracea and B.
capillipes, and B. furfuracea and B. preusii, to 0.065 between B. duncan-thomasii and
B. herbacea. The 77 taxon trnL intron matrix had a total of 611 characters, of which 120
were parsimony informative. The heuristic search produced 5000 most parsimonious
trees (the maximum permitted to accumulate) with a length of 320 steps, CI of 0.784
and RI of 0.884. Figure 3.1 shows the strict consensus of all most-parsimonious trees.
The analysis of the zrnL sequence data gave the same strict consensus topology (Fig.
3.1) as that produced in the full trnL analysis in Chapter 2 (Figs. 2.1 and 2.2), even
though fewer species were sampled (77 as opposed to 84). Although relationships
among basal nodes were poorly resolved, all 5000 most parsimonious trees agreed on
four major clades. Clade 1 (Fig. 3.1) comprises the mainland African fleshy-fruited
species with the exclusion of B. meyeri-johannis (section Mezierea); it consists of
sections Baccabegonia, Squamibegonia and Tetraphila. All sampled endemic Malagasy
species are monophyletic in Clade 2 (Fig. 3.1). This is particularly relevant to species
currently included in section Mezierea (B. salaziensis, B. comorensis and B. meyeri-
Jjohannis). As discussed in the previous chapter, there is now strong evidence that this
section is not monophyletic. Clade 3 (Fig. 3.1) includes sections Loasibegonia,
Scutobegonia, Filicibegonia and Cristasemen, together with B. iucunda; this group
consists of West and Central African terrestrial, hydrophytic begonias, possessing

winged fruits and (in most species) yellow flowers.

The species adapted to more seasonal habitats of eastern and southern Africa or
coastal regions of West and West Central Africa (sections Rostrobegonia,
Augustia,Sexalaria and Peltaugustia) are more closely related to American and Asian
species than they are to other African begonias, as is demonstrated by Clade 4 (Fig.
3.1). The African B. annobonensis, the single species in section Sexalaria, is nested
within section Rostrobegonia, suggesting the possibility of amalgamating these two

sections.

For the trnL phylogeny, major groups with strong bootstrap support are the
Malagasy clade (Clade 2) (91%), the monophyletic section Squamibegonia (87%), the

50



D (

3)

D,
2 ) ZA3Z
96P
L
22272
2KA
?3 v
8 2222
?8
AA
A:
A:
<3
3A
#
+EE 5

%

%



sister relationship of B. baccata to this clade (97%), the monophyly of sections
Rostrobegonia + Sexalaria (98%), and several groupings within Clade 4. Overall,
bootstrap values are moderate to low in many cases, due to short branch lengths and low

levels of sequence divergence.

Analysis of the 48 taxon #rnL sequence matrix gave very similar results in terms
of topology and bootstrap support for particular clades (Fig. 3.3a) as the 77 taxon
matrix. The analysis yielded 455 trees of length 254 steps, CI of 0.807 and RI of 0.854.

3.5.2 ITS data set

Uncorrected pairwise differences for ITS ranged from zero between B.
cavallyensis, B. subscutata and B. oxyanthera and 0.22 between B. floccifera and B.
herbacea. A heuristic search of the 77 taxon ITS data set gave variable results,
depending primarily on whether or not alignment-ambiguous areas were included.
When these ambiguous regions were included a heuristic search yielded only nine most
parsimonious trees of length 3187 steps. The CI of 0.432 and RI 0.715 show that
although characters are highly homoplasious they do give grouping information. The
strict consensus of all nine trees (Fig. 3.2a) gave the same result as the ITS strict
consensus topology presented by Forrest (2000) in which her alignment-ambiguous
regions were removed, even though sampling in the present study was much lower (77
as opposed to 177 coded species). The similarities and differences between Forrest's ITS
phylogeny and the trnL phylogeny were discussed in Chapter 2. However, comparison
of Figs. 3.1 and 3.2a show that both trees agree on a monophyletic Malagasy clade
(including all Malagasy endemics) (Clade 2) and a clade consisting of the West and
Central African yellow-flowered begonias and affiliated species (Clade 3). The
positions of B. iucunda and B. thomeana are reversed in Clade 3. The ITS phylogeny
gives better resolution of the fleshy-fruited species in Clade 1 and much greater
bootstrap support (100%). In addition, in Clade 1, B. loranthoides and B. longipetiolata,
two species in section Tetraphila, show closer relationships to sections Squamibegonia
and Baccabegonia than to other species in section Tetraphila. This relationship is well-
supported by a bootstrap value of 98%. Although trnL alone could not resolve the
position of B. meyeri-johannis, this analysis places it as sister to all Central, West

African and endemic Malagasy species (Clades 1, 2 and 3 collectively). Basal nodes are
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poorly supported. Species in sections Rostrobegonia and Sexalaria (B. engleri, B.
Jjohnstonii and B. annobonensis) are shown as sister to the rest of Begonia, although this
lacks high bootstrap support and strongly contrasts with the placement of these taxa in
Clade 4 of the trnL tree (Fig. 3.1). Finally, there is a strong geographic element to the
monophyly of the American and Asian species (Fig. 3.2a), a pattern seen in Forrest's
(2000) phylogeny but not corroborated by the trnL phylogeny (Fig. 3.1) or the ITS
phylogeny where ambiguous alignment regions were excluded (Fig. 3.2b).

Removing ambiguous regions left 401 characters, of which 142 were parsimony
informative. This ITS alignment yielded 5000+ most parsimonious trees of length 740
(over four times shorter than when ambiguous regions were included). The CI for these
trees was 0.478 and the RI was 0.713, showing that removing the ambiguous regions
did not affect the overall CI and RI values, and therefore the overall degree of
homoplasy. Figure 3.2b shows the strict consensus for these trees. Clades 1, 2 and 3
comprise the same species as in the equivalent clades in Figure 3.2a, albeit with less
resolution among them. The relationships among and between American, Asian, and
East and South African begonias in Clade 4 were most affected by removing ambiguous
regions (Fig. 3.2a), and completely collapsed (Fig. 3.2b). Due to the uncertainty in
terms of character definition, ambiguous regions were excluded from all the remaining

analyses.

A heuristic search of the 48 taxon ITS matrix (in which ambiguous regions were
excluded) produced a considerably different consensus topology (Fig. 3.3b), although
differences with the 77 taxon analysis are among the basal nodes that have no bootstrap
support. The analysis yielded 560 trees of length 535, a CI value of 0.525 and RI of
0.681. Unlike the trnL sequence data, the analyses showed ITS sequence data to be
sensitive to taxon sampling. This may be caused by severe alignment ambiguities
brought about by highly divergent sequences in ITS. Forrest's (2000) results, showed
significant topological differences between strict consensus topologies from 177 taxon
and 38 taxon parsimony analyses. There were also contrasting results between Forrest’s
(2000) parsimony and maximum likelihood analyses, with the maximum likelihood
analysis showing results more comparable with the #7nL intron results. Maximum
likelihood methods are known to correct for super-imposed substitutions (Doyle &

Davis, 1998), and this is probably the reason for the effects seen in the different
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analyses. Sequence divergence for ITS between distantly related species of Begonia is
so high, that super-imposed substitution seems likely. Removing the ambiguous regions
in conjunction with lower sampling shows serious effects on results. Whereas most of
the African clades are comprised of the same species, the structure of the backbone in
this culled ITS phylogeny has no equivalent or support in any other analysis. Analysis
of sequences with high levels of homoplasy may be more sensitive to taxon sampling
than sequences from regions with lower levels of homoplasy (as is the case for trnL
intron in this study). Clearly, ITS is evolving so quickly that it is at the limit of its

usefulness for resolving relationships across all Begonia species.

3.5.3 26S data set

Uncorrected pairwise differences ranged from zero between B. molleri, B.
capillipes and B. ebolowensis to 0.17 between D. cannabina and B. baccata. The
greatest difference within the ingroup was 0.15 between B. baccata and B.
betsimisaraka. Of the 490 characters included, 75 were parsimony informative. A
heuristic search on the 48 taxon 26S data matrix yielded 5000+ most parsimonious
trees, with CI 0.691 and RI 0.833. Figure 3.3c shows the strict consensus for these trees.
All trees agree on a well-supported (80%) monophyletic fleshy-fruited clade including
species in sections Squamibegonia, Baccabegonia and Tetraphila (Clade 1, Fig. 3.3).
The endemic Malagasy species form the well-supported (76%) Clade 2. Begonia
meyeri-johannis is situated as sister to the Malagasy species in a well-supported
relationship (86%) not resolved by ITS or trnL. In addition, the fleshy-fruited species in
Clade 1 are sister to the Malagasy species plus B. meyeri-johannis; although the
relevant bootstrap values are low, this relationship is mirrored in the ITS phylogeny
when ambiguous regions are included. The rest of the tree is a polytomy with small,
moderately supported groupings among the placeholder taxa. Some relationships
recovered by the 26S data are in the basal nodes, which are poorly resolved by both ITS

and #frnL alone.

3.5.4 Congruence tests

ILD tests were carried out for the 77 taxon ITS and ##nL matrices and for the 48
taxon ITS, ¢rnL and 26S matrices. The partition homogeneity test between the trnL and
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ITS 77 taxon data sets gave a value of P = 0.107 (not significant) when the ambiguous
regions were included and P = 0.074 when they were removed. The partition
homogeneity test results for the 48 taxon matrix including ITS, trnL and 26S are as
follows: 26S vs. ITS, P =0.126 (not significant); 26S vs. trnL, P = 0.011 (significant);
and trnL vs. ITS, P = 0.339 (not significant). Whereas there is statistically no significant
incongruence between the 26S and ITS and between #rnL and ITS, there is significant
incongruence between the 26S and #rnL data sets. If there is no significant incongruence
between 26S and #rnL and between trnL and ITS, logically there should not be any
significant incongruence between 26S and #rnL. This inference, is not however,
suggested by the P value of 0.011. The 26S region of the nrDNA is upstream from the
ITS tandem repeat region, forming part of the same locus and should therefore track the
same evolutionary history as ITS, as they are unlikely to be affected by recombination.
Given this discrepancy between P values, and the fact that incongruences between the
three different gene topologies are poorly supported, it seems reasonable to combine all

three data sets.

3.5.5 Combined data sets

3.5.5.1 ITS and #rnL

The 77 taxon matrix of combined #rnL and ITS sequences contained 1012
characters, of which 262 were parsimony informative. Cladistic analysis excluding
alignment-ambiguous regions of ITS, yielded 5000+ most parsimonious trees of length
1084, CI of 0.558 and RI of 0.753. The strict consensus tree (Fig. 3.4) shows the same
topological pattern as for the #rnL data alone, but with little resolution in Clade 4 where
most of the conflict between the data sets resides. Unfortunately, data combination
cannot resolve basal nodes and therefore gives little information on the relationships
among the major clades. This could have occurred because there are still not enough
characters to resolve these nodes, or ITS may not be useful at this taxonomic level and
regularly disagrees with #rnL. Bootstrap values are better than those from the #rnL
analysis, giving increased support values for the major clades, particularly Clade 1
(56% bootstrap in the trnL only topology and 93% in the combined topology) and Clade
4 (no support in the trnL topology and 62% in the combined topology).
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Figure 3.5 shows a randomly selected most parsimonious tree. Branch lengths
vary greatly in different major clades. Clades 1 and 2 (the fleshy-fruited begonias and
Malagasy begonias, respectively) have uniform branch lengths from the more basal to
the more derived species. Clade 3, comprising the yellow flowered begonias and their
allies, shows an unbalanced topology with long branches at the base and shorter
branches towards the apex. However, branch lengths are on average longer in this clade
than in the other two African clades. Clade 4 is very variable in branch length which
could be a reflection of sampling artefact since the greatest diversity of begonias occur
in America and Asia and if entirely sampled this clade would encompass about 1200
species. Alternatively, accelerated molecular rates may have caused species to exhibit

long branch lengths.

3.5.5.2 ITS, trnL and 26S

The 48 taxon matrix, which combined ITS, #rnL and 26S sequences, had 1502
characters of which 295 (19.7%) were parsimony informative. The heuristic search
yielded 150 most parsimonious trees of length 1093, CI of 0.62 and RI of 0.74. The
combination of 26S, ¢rnL intron and ITS sequences was able to resolve basal
relationships within Begonia, particularly among the African species (Fig. 3.6).
Although bootstrap support values are only moderately significant for these basal
relationships, this is a significant advance from the general polytomies or entirely
unsupported relationships which have resulted from the analysis of ITS and trnL
sequences alone. In the combined analysis, B. meyeri-johannis, which showed an
unresolved position in previous studies is sister to the endemic Malagasy taxa. As seen
in the separate analyses, the endemic Malagasy taxa are monophyletic including B.
salaziensis and B. comorensis (Clade 2, Fig. 3.6). Because of their fleshy fruits, these
two species belonging to section Mezierea were never hypothesised to have close
relationships with other Malagasy taxa, all of which have winged fruits. This Malagasy
+ B. meyeri-johannis clade is sister to the fleshy-fruited African Begonia clade (Clade
1). The mainland African, yellow-flowered Begonia and related taxa (sections
Loasibegonia, Scutobegonia, Cristasemen, Filicibegonia and B. iucunda) are also
monophyletic (Clade 3), as seen in previous studies and in the single-gene analyses;
however, they are together sister to a fleshy-fruited plus Malagasy clade. The East and

South African begonias join a poorly resolved clade with American and Asian species
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