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ABSTRACT 

As a large and diverse tropical genus, Begonia has been highlighted as a research subject at the Royal Botanic Gardens Edinburgh and has 
been the subject of several projects over the past few years. We have been conducting some preliminary studies of evolutionary development in 
the genus and in this chapter discuss the potential of Begonia for research of this kind. Advances in methods for working with Begonia are 
introduced, including DNA and RNA extraction protocols. Preliminary results are described which further demonstrate the particular interest of 
the genus for studies at the level of gene, population and species. 

1. INTRODUCTION 

Our understanding of the genetic pathways controlling plant development has increased tremendously through the use of model plants with good 
genetics, transformation and a critical mass of labs studying them. Recently we have been able to apply lessons learnt from these models to 
understanding the generation of diversity in the rest of the plant kingdom (Friedmann et al. 2004). 

Studies of evolutionary developmental biology can be divided into two types - those that use genetics in model, crop or closely related plants 
to look at the differences between or within species, and those that survey morphology, gene sequences and expression pattern changes in a 
range of taxa in order to examine wider patterns of evolution. The first approach is limited by the morphological differences within and between 
species and the second approach does not address problems of gene function, though transgene experiments looking for complementation of 
function in model species have proved informative (Baum 2000, Harrison et al. 2000). 

It is also notable that most studies of evolution and of development have used temperate species. Model species are all temperate or near 
temperate (maize) and because of the limitations of fieldwork, most studies of plant evolution in situ have used temperate species (Clausen et al. 
1948, Bradshaw and Schemske 2003, Reiseberg et al. 2003). However, most plant diversity is contained in the tropics and most genera contain 
much more morphological variety in their tropical species than in their temperate ones. 

Begonia is a highly diverse tropical genus that is amenable to both approaches of study. Hybridisation between closely related Begonia 
species allows a genetic approach and the wide range of morphology provides materials for surveys of the correlation between molecular 
changes and changes in morphology. It also has the advantages of growing well in glasshouse culture, being genetically tractable and 
transformable (Kiyokawa et al. 1996, Kishimoto et al. 2002). Begonia therefore has the potential to make valuable contributions to our 
understanding of the evolution of plant development and of the diversity of the tropics. 

1.1. A large and diverse genus 
With c. 1,500 species Begonia is one of the largest vascular plant genera. The genus has a near pantropical distribution being absent only from 
the Australian tropical forest. There are centres of diversity in both the Neotropics and mainland Asia but by comparison the genus is relatively 
species poor in Africa. This pattern is typical of many pantropical species (Richards 1973). The African species, whilst relatively small in number 
show the greatest morphological diversity and recent phylogenetic work has indicated that they are likely to be the oldest (Forrest 2000, Plana 
2003). 

Until recently, Begonia was split into 63 sections (Doorenbos et al. 1998) the delimitations of most of which were based on a previous 
classification where they were treated as distinct genera (Klotzsch 1885, Forrest and Hollingsworth 2003). However, molecular phylogenetic 
analysis has shown a number of these sections to be paraphyletic and the discovery of new species has further blurred sectional boundaries 
(Forrest and Hollingsworth 2003). Many of the problems with Begonia systematics derive from the large amount of homoplasy (parallel evolution 
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1 At 2005 exchange rates 

 
Fig. 1 Diversity of leaf shape in Begonia. 1 -  B. thiemei 2 - B. peltata 3 - B. sericoneura 4 - 
B. heracleifolia 5 - B. cardiocarpa 6 - B. caroliniaefolia 7 - B. hydrocotylifolia 8 - B. fonsecae 9 - 
B. kellermanii 10 - B. lindleyana 11 - B. strigillosa 12 - B. nelumbiifolia. 

or reversals) in morphological data sets. However, recent 
molecular analysis has gone a long way towards generating 
a robust phylogenetic framework of the species 
relationships in Begonia (Plana 2002 2003, Forrest and 
Hollingsworth 2003, Forrest et al. 2005). This provides a 
vital foundation for evolutionary studies in the genus. 

Begonias are usually easily recognised by their more 
or less asymmetrical leaves and dry three-winged fruit (in 
most species). However, there is a huge amount of 
morphological diversity contained within the genus, making 
it an excellent group for studying the evolution of a large 
variety of traits. For example, whilst most species are 
monoecious some are dioecious. Monoecious Begonia 
inflorescences are usually bisexual but some are unisexual. 
Inflorescences are also usually cymes but occasionally 
racemes. Male flowers generally have four tepals whereas 
tepal number in female flowers varies from two to six or 
more. Tepal fusion has also evolved to a greater or lesser 
extent in one section, Symbegonia. Leaf morphology is also 
very diverse with leaves ranging from simple, in most cases, 
to highly dissected and truly compound (Fig. 1). 

1.2. The horticultural importance of diversity 
The genus is perhaps best known horticulturally. Species have been in cultivation for at least 600 years, B. grandis having been recorded in 
Chinese gardens in 1400 (Tebbit 2005). However, it was not until the plant collecting expeditions of the late 1700’s and the 1800’s that Begonias 
arrived in Europe and North America. The species B. vetchii for example was introduced into England from South America in 1867. It is still 
available and has been crossed extensively by breeders to create numerous hybrids. The huge amateur interest in Begonia cultivation and 
hybridisation represents a great resource of both knowledge and experience with hybrids. 

There is an economically valuable market for hybrids as both bedding plants and potted plants. In northern Europe in particular, there is a 
large market for hybrids derived from crosses involving the winter flowering species B. socotrana. These hybrids form two main groups. The 
Cheimantha group contains all crosses and backcrosses between B. socotrana and the South African species B. dregei. The Hiemalis group 
contains all crosses and backcrosses between B. socotrana and floriferous South American tuberous species. In 1990, the turnover at auction 
from Heimalis hybrids in the Netherlands was approximately Dfl 35 million (€15.88 million1; Kroon 1993). Semperflorens hybrids, derived from B. 
cucullata crossed with B. schmidtiana and the B. x tuberhybrida cultivars, are also popular as bedding plants. In the US in 2003 the market for 
these plants was estimated to be worth over $60 million (€50.49 million1; Tebbit 2005). It is in the US that the greatest use is made of Begonia’s 
diversity. Interest is not limited to bedding plants but includes many hybrids and species cultivated for their vegetative form. Official records of 
hybrids and distribution of seeds is controlled by the American Begonia Society (ABS). Its monthly magazine, the Begonian, contains much 
information on cultivation, hybridisation and the search for new species in the wild. 

1.3. Diverse and isolated populations 
The developmental diversity contained in even a single Begonia species is illustrated by the work of Tracy McLellan. The rare endemic species B. 
dregei and B. homonyma are likely to be one single species but with very differentiated, isolated populations (Matolweni et al. 2000). These 
populations have distinctive leaf forms - showing various degrees of lobing. Morphological studies showed that the variation in final form is not 
due to variation in developmental timing but to a variety of developmental changes. Furthermore, mature leaves of similar form reach that 
morphology by different pathways, suggesting that the developmental variation in this species is even greater than final morphology would 
suggest (McLellan 1990, McLellan 1993). Differential cDNA displays are being used to identify genes involved in the creation of this diversity 
(McLellan 2002). The variation in form and in developmental pathways within a single species illustrates the power Begonia research has in 
addressing the genetic basis of diversity. 

The diversity within species may be a result of the prevalence of outcrossing in Begonias. This is encouraged by a number of features 
including separation of male and female inflorescences, dioecy and pollination syndromes. A series of papers by Schemske and co-workers 
demonstrate that the prevalence of protandry in the genus may be linked to deceit pollination, commonly seen in Begonia (Le Corff et al. 1998). 
Furthermore, the mimicry of male flowers by female flowers was shown to be driven by pollinator led directional selection in some species 
(Schemske et al. 1995, Schemske and Ågren 1995). The importance of pollination mechanisms in reproductive isolation makes them ideal for 
evolutionary studies. Studies on pollinator-driven selection in monkey flower have recently culminated in the identification of a gene controlling 
pollinator choice (Bradshaw and Schemske 2003). 

Given the extent of artificial hybridisation, natural hybrids would also be expected and may be important factors in speciation. To date, three 
naturally occurring inter-specific Begonia hybrids have been characterised, one being fully fertile hybrid between B. decora and B. venusta (Teo 
and Kiew 1999, Kiew et al. 2003), and the other two appearing to be sterile - B. x taipeiensis (Peng and Chiang 2000, Peng and Sue 2000, 
Chiang et al. 2001) and B. x buimontana (Peng and Chen 1991). As more Begonia species are investigated with independently evolving 
molecular markers we would expect more putative and cryptic hybrid Begonias to be characterised. 

The relationship of microevolution in Begonia to the generation of this very large genus was explored in work by Hughes (2002). 
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Microsatellite-based estimates of population genetic structure in one widespread species (B. sutherlandii) and one narrowly distributed species 
(B. socotrana) suggested limited gene flow between populations and speciation over small geographical scales (Hughes 2002). Restricted gene 
flow between populations was also indicated by analysis of allozyme variation in B. dregei and B. homonyma (Matolweni et al. 2000). This 
restricted gene flow increases the chances of speciation between populations and the importance of founder effects and genetic drift in 
generating diversity between populations. 

1.4. Begonia phylogeny 
There have been several papers published on Begonia phylogeny and biogeography (Plana 2002 2003, Forrest and Hollingsworth 2003, Plana 
et al. 2004, Forrest et al. 2005). This work has gone a long way towards generating a phylogenetic framework for Begonia, a pre-requisite for 
research into evolutionary development. However, there remain some problems, one of which is the lack of strong support for the basal 
relationships between clades. We have made big advances in this through the sequencing and analysis of extensive regions of organellar DNA 
(Goodall-Copestake in prep). Plant organellar DNA is particularly useful because largely single copy and non-recombining portions can be 
sequenced and analysed simultaneously to resolve basal relationships. The downside of organellar DNA is that it tends to evolve more slowly 
than nuclear DNA and therefore it can be more difficult to find DNA regions that provide sufficient characters to distinguish closely related 
species. In the chloroplast we screened three intron regions (trnL, trnK, and petD) and found the faster evolving petD intron to be most 
informative. In the mitochondrion we screened the nad1b/c and nad7 1/2 & 2/3 introns, and the rps14-cob spacer region, and found the rps14-
cob spacer to be the most useful. Low copy nuclear genes may provide further valuable markers for Begonia phylogeny. However, careful 
assessments of orthology are essential and may prove to be difficult in this genus as a result of multiple gene duplications and losses. 

Strong incongruence between chloroplast and mitochondrial phylogenies indicates that these genomes may not always be inherited 
maternally, but may be inherited independently. Therefore, it is prudent to sequence from both these organellar and the nuclear genomes to 
generate robust Begonia phylogenies. 

The extensive amount of morphological character change in Begonia was demonstrated by mapping character change onto a cladogram 
estimated from nuclear ribosomal sequence data (Forrest et al. 2005). Of the thirty-four characters mapped, only two were found not to be 
subject to multiple changes of state. These were inflorescence type (monochasial where cymes have a single branch at each node, and 
dichasial where cymes have two branches at each node) and leaf bulbils (reduced leaves produced from the axile stem nodes). Monochasial 
infloresences were found only in all species of a monophyletic clade containing three African sections: Filicibegonia, Loasibegonia and 
Scutobegonia. Leaf bubils were found only in a single monophyletic clade containing two Socotran species: B. socotrana and B. samhaensis. 
Current work in the monophyletic section Gireoudia (64 species) demonstrates this further. This section contains a huge degree of variation in 
leaf morphology. Mapping of leaf shapes onto an ITS phylogeny of this section indicates that both peltate and compound leaves have evolved at 
least twice in Gireoudia alone. 

The extensive character change of morphological traits in Begonia, whilst creating problems for systematics, has the advantage of 
producing many examples of convergent or parallel evolution - ‘replicates’ for experiments in evolutionary development. 

2. EXPLAINING DIVERSITY IN BEGONIAS 

2.1. Working with Begonia - advances in methods 
Many Begonias contain large amounts of oxalic acid and/or carbohydrates (Kopperund and Einset 1995) which can make it difficult to extract 
high quality DNA particularly in sufficient quantities for southern analysis. The most reliable prep we have found is the Qiagen plant genomic kit. 
This produces reasonable yields of PCR-quality DNA in a short amount of time and avoids the use of phenol and mercaptoethanol, although 
some species require two extractions. A standard CTAB prep with a long extraction step also works well, and for PCR a simple EDTA/SDS/salt 
buffer with a phenol/chloroform/isoamyl alcohol clean-up and isopropanol precipitation is sufficient, although these last two methods required 
fume hoods and generate a considerable amount of toxic waste. The simple EDTA/SDS/salt extraction, if done quickly and cleanly and with an 
extra phenol extraction, also generates good quality RNA. This can be cleaned up with a 2.5M LiCL precipitation and used for Northerns, RT-
PCR, or the generation of cDNA. The standard Trizol prep does not work in Begonias though a companion solution (Invitrogen Plant RNA 
extraction solution) does. We are currently optimising Begonia in situ hybridizations. 

For current work investigating the genetic basis of morphological diversity in Begonia a candidate gene approach has been adopted. This 
takes advantage of genes which have been characterised in model organisms and that affect the trait of interest. By cloning these genes from a 
non-model species association studies can be done looking for genetic or functional links between gene and trait. This methodology has been 
widely adopted by researchers working on non-model organisms (Baum 2000) and to date has been a successful tactic for our studies in this 
genus. There are however problems inherent with this approach (Tabor et al. 2002). 

Our current protocol for cloning relies on degenerate PCR. Using sequences from poplar, pea and other rosids, degenerate primers are 
picked either by hand and optimised in oligo tool kit (http://www.operon.com/oligos/toolkit.php) or using Primaclade (http://www.umsl.edu/ 
services/kellogg/primaclade.html), a program that uses PRIMER3 to pick primers matching an alignment and confirms that they will bind to all 
sequences. 100 μM primer stocks are made up in water rather than TE as Begonia PCR is especially sensitive to TE. PCR products are cloned 
using pGEM-t from Promega and sequenced. The sequence fragments generated are used to design genome walking primers to complete the 
gene sequence, and RT-PCR used to confirm intron/exon boundaries. Whole genome sequence rather than cDNA sequence is important 
because of the widespread genome duplications in Begonia - the intron sequence allows clear determination of the paralogs in each species. As 
the species we are working with at the moment are very closely related, intron sequence is often the best place to find polymorphisms between 
species, from which to design CAPs markers for use in association mapping. 

Cultivation of Begonias is straightforward and well described owing to their popularity as ornamental plants and much work by amateur and 
professional breeders. We start seed on MS plates, as the tiny Begonia seeds are often overwhelmed by algae when grown directly on soil. The 
seed is sterilised with bleach (20%, 20 minutes, and three washes) and plated out on MS and 1% sucrose at 25°C in high light for up to a 
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Fig. 2 Recreation of Gloire de Lorraine. Flower and leaf form in short day flowering B. 
socotrana, long day flowering B. dregei and their F1 hybrid. Note the increase in tepal 
number and the ‘normal begonia’ shaped leaf as opposed to the lobed or peltate leaves of the 
parent. 

month. Germination usually occurs in the first two weeks. Once the first true leaf has started to grow out, seedlings are transferred to soil with 
added vermiculite in the tropical propagation house, with high humidity (90-100%), temperature (25-28°C) and light. Initially plants are kept damp 
but when they have produced more than 5 leaves they are allowed to dry out slightly between waterings. Flowering is from 9-12 months after 
seed germination, but varies between species. In Edinburgh most Gireoudia flowering is in the early spring though occasional flowers are 
produced year-round. As the plants produce separate male and female flowers, crossing is straight-forward. Ripe stamens are brushed against 
the young stigmas, the flowers bagged and the operation repeated in a day or so. Large amounts of seed are produced from each cross, though 
the percentage of fertile seed can be very variable. Some post-pollination species barriers are described in Begonia (Peng and Chaing 2000). 
Seed is stored at 4°C in a sealed box with silica gel bags to keep the humidity low. 

Transformation of Begonia with Agrobacterium has been described (Kiyokawa et al. 1996, Kishimoto et al. 2002), though not at high 
frequency and we have not yet attempted it. 

3. CURRENT DIRECTIONS 

3.1. Hybridisation and classical genetics 
Many Begonia species readily hybridise, a feature widely 
exploited by horticulturalists. This, combined with the 
relatively short generation times and copious seed 
production, makes this genus a good candidate for classical 
genetics and segregation analysis. We have performed some 
crosses to investigate the genetic basis of a number of traits. 
One example is that between short day flowering B. 
socotrana and long day flowering B. dregei (Fig. 2). This 
cross recreates the original 1891 Cheimantha group hybrid, 
Gloire de Lorraine. Crosses have also been made to 
investigate the genetic basis of differences in leaf 
morphology in the section Gireoudia. B. nelumbiifolia crossed 
to a deeply lobed species B. heracleifolia showed lobing to 
be semi-dominant. A further cross between B. nelumbiifolia 
and a species with simple leaves, B. lindeyana, showed 
peltateness also to be semi-dominant. Selfing of these 
hybrids and the production of an F2 generation will show 
segregation and determine the number of loci involved and 
their relative strengths. 

3.2. Polyploidy and the study of duplicate genes 
Begonia chromosome numbers range from 16 to 156 (Forrest 2000). Within this range the chromosome numbers are extremely variable. This 
may be a result of hybridisation, polyploidisation and aneuploidy. It is also possible that there has been frequent chromosome fission and fusion 
leading to dysploid variation (variation without pattern - not doubling or trebling) in basic numbers. However, chromosomes in Begonia are very 
small and this variation may to some extent reflect the difficulties of chromosome counts. Published chromosome numbers can vary enormously 
for the same species. Chromosome counts are also incomplete for the genus but there have clearly been several polyploidy events during the 
evolution of Begonia. Gene and genome duplication is thought to have been a particularly important in evolutionary change and diversification, 
with duplicates acting as an important source of raw material on which evolutionary change can operate (Kellogg 2004). There have been both 
genome duplications and reductions in Begonia and the variation in chromosome number is suggestive of underlying genetic instability which 
may be associated with the rapid creation of genetic variation and the evolution of morphological diversity. 

There is evidence emerging from our studies of Begonia of a duplication event prior to the evolution of the genus, probably prior to the 
evolution of the Begoniaceae. Several of the nuclear genes we have isolated appear to have been duplicated at this time and most species 
appear to have retained two functional duplicates since. Molecular clock analysis calibrated on fossils from within the Cucurbitales predicts that 
Begoniaceae-like features evolved between c. 70 and c. 45 million years ago (Clement et al. 2004 2005, Goodall-Copestake et al. in prep). The 
1/2 life of duplicated genes is estimated to be in the region of 23.4 My in Arabidopsis thaliana (Lynch and Conery 2001). Maintenance of gene 
duplicates over such a long period of time in Begonia therefore represents a significant extension of what might be expected and suggests some 
form of evolutionary mechanism is acting to maintain these duplicate genes in Begonia. 

Class one KNOX genes (such as STM) in Arabidopsis, or KN1 in maize are regulators of meristem function conserved throughout land 
plants. Sampling class one KNOX genes from Begonia and Hillebrandia has revealed two paralogs corresponding to KN1-like genes (groups 
KNB1 and KNB2 in Fig. 3). Comparison of the amino acid sequences reveals conservation of sequences in each paralog between species, 
suggesting that the two paralogs have evolved distinct, essential roles (Fig. 4). A division of labour is supported by the expression patterns in B. 
luxurians. KNBl1 (Knotted from Begonia luxurians1) is strongly expressed in the vegetative and inflorescence meristems but KNBl2 is not 
expressed at levels detectable by RT-PCR. Neither gene was expressed strongly in vegetative tissue. This suggests KNBl2 is expressed either 
in a limited range of cells or at very low levels, and may have a different function to KNBl1. The conservation of KNB2 sequence throughout 
Begonia may represent a novel function for STM-like genes in this genus. 
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Fig. 3 Conservation of KN1-like protein sequences. Alignment of amino acid sequences of class one KNOX paralogs from Begonia species (B. sutherlandii (KNBs1, 
KNBs2), B. peltata (KNBp1, KNBp2) B. conchifolia (KNBc2) and the monotypic genus sister to Begonia in the Begoniaceae, Hillebrandia sandwichensis (KNHs1, KNHs2), 
along side other KN1-like proteins, KNAT1 and STM from Arabidopsis, TKn1 from tomato, HIRZ from Antirrhinum and two poplar sequences. 

Fig. 4 Phylogeny of KNB sequences. One of two most parsimonious trees produced by 
analysis of KNB1 and KNB2 nucleotide sequences. Numbers above branches are bootstrap 
values above 50%. Analysis was carried out using the exhaustive search method. Branch 
support was calculated by 10,000 bootstrap replicates. 

Fig. 5 Introgression of B. socotrana material into commercial hybrids. PCR using degenerate LFY 
primers reveals a band shared between B. socotrana and winter flowering hybrid Begonias from 
commercial sources. Lane 1: ladder, lane 2: B. socotrana, lanes 3-5: winter flowering hybrids, lane 6: 
negative control. 

3.3. Use of natural variation by plant breeders 
The natural variation and capacity for hybridisation of 
Begonia has been exploited by horticulturists to develop 
thousands of Begonia hybrids with weird and wonderful 
combinations of morphological characters. It is estimated 
that there are somewhere in the region of 10,000 Begonia 
hybrids (Tebbit, pers comm. 2003). An important example 
of the development of horticultural hybrids is the 
introduction of short day flowering into the Cheimantha 
and Hiemalis hybrid groups using the short day flowering 
B. socotrana. 

LFY is an important regulator of flowering and has 
been isolated and cloned from B. socotrana (Neale et al.  
in prep.). The presence of the B. socotrana specific allele 
was shown in commercially available hybrids by 
diagnostic PCR and sequencing (Fig. 5). Fig. 5 shows 
two bands amplified by PCR with degenerate LFY primers 
in B. socotrana, representing a duplication of the LFY 
gene in Begonia (Neale et al. in prep.). There is 
significantly more genetic variation in wild B. socotrana 
than that captured from single accessions of winter 
flowering hybrids (Hughes 2002). This lack of genetic 
variation is the result of hybrids being developed from a 
limited original B. socotrana collection and has been 
reported to be a problem in breeding programs for winter 
flowering (Kroon 1993). Identifying and understanding the 
diversity of wild Begonias could be used to enhance 
commercial varieties, as could the controlled release of 
some of the genetic variation contained within wild 
genotypes. The development of benefit sharing 
agreements between plant breeders and the countries of 
origin of Begonia species has the potential to aid 
conservation and promote sustainable development of 
genetic resources in tropical countries. 
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4. CONCLUSION 

Begonia is representative of tropical diversity in terms of its pan-tropical distribution, the large number of species contained within it and the huge 
amount of morphological variation. We have shown the potential value of this genus for studies of evolutionary development. Preliminary work 
undertaken to optimise methods for working in this genus demonstrate that both candidate gene and genetic approaches are viable. There are a 
number of other features of Begonia that make it extremely practicable for laboratory research - the relatively short generation times, the 
production of numerous seeds in a single fruit, the relative ease of hybridisation, the ease of propagation and the possibility of transformation. 

Practicalities aside, it is the sheer size and diversity of the genus that makes it such a fascinating group for studies in evolutionary 
development. The pan-tropical distribution has resulted in material for studies into the genetic nature of convergent / parallel evolution and 
reversals of different traits. The speciose nature of the genus may be the result of a combination of factors: small, isolated populations with 
restricted gene flow (Matolweni et al. 2000, Hughes 2002), polyploidy and hybridisation could all be involved. The apparent evolutionary lability in 
the genus may be related to hybridisation and founder effects or to genomic level changes such as genome duplication and, in particular, the 
maintenance of duplicated genes for long periods of time. 

Begonia therefore provides possibilities for studying diversity at various levels - the gene, population and species. This, combined with the 
emerging phylogenetic framework of the genus, will allow for some exciting future studies of evolutionary development. 
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