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Abstract
Begonia is one of the most species-rich angiosperm genera with c. 1500 species
currently identified and a pantropical distribution. Although Begonia are
predominantly found in ever wet rain forests, they can also be found in other habitats
including dry, desert scrub, and at altitudes from sea level to over 3000 meters.
Begonia can also exhibit huge morphological variation between closely related
species thus making them an ideal system for the study of the ecology, biogeography
and developmental evolution of tropical plants.
Previous work carried out at the Royal Botanic Gardens, Edinburgh focused on the
phylogenetic framework and biogeographic history of African and Asian Begonias.
This work on the Neotropical Begonia Section Gireoudia, aims to complement those
studies and to provide a framework for determining how macro- and microevolutionary processes have contributed to the high level of diversity in Begonia
worldwide.
Traditionally used nuclear and chloroplast markers for phylogenetics failed to resolve
species level relationships within sect. Gireoudia, therefore an alternative approach
using next-generation sequencing technology was developed.
A multiplexed, massively parallel sequencing approach was developed to sequence
sixteen Begonia chloroplast genomes on the Illumina GAIIx genome analyser in order
to identify chloroplast regions with sufficient phylogenetic information to resolve a
species-level phylogeny. The lack of a reference chloroplast genome sequence for
Begonia led to the development of a new method combining sequence from
conserved angiosperm chloroplast genome sequences together with long-range PCR
to generate the samples. Eighteen, overlapping long-range PCR amplicons for each
Begonia species were used in a multiplexed sequencing reaction on an Illumina
GAIIx and the chloroplast sequence reads were assembled using a de novo approach.
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A selection of potentially, phylogenetically informative regions, determined from the
large-scale chloroplast alignment generated during this study, were assessed. Two of
these regions were chosen for further phylogenetic analysis and resulted in improved
resolution of American Begonia, sect. Gireoudia.
This study successfully demonstrates a new innovative approach to that normally
taken in traditional molecular systematics. The research presented provides a
framework for the development of new molecular markers that are suitable for lowlevel phylogenetic studies, especially where recent radiations make resolution of
species groups difficult, such as Begonia. New sequencing technologies such as those
used here will provide powerful new tools for students of molecular evolution,
phylogenetics and taxonomy.
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Chapter 1. General Introduction
1.1

The evolution of tropical diversity

Most model plant systems used in studies of evolution and development are temperate
species, such as Arabidopsis thaliana and Antirrhinum majus (Gaut 2012; Khimoun
et al, 2012). Yet, most plant diversity on the planet can be found in the tropical
regions of the world where the top twenty-five biogeographical ‘hotspots’ for both
flora and fauna are located (Brooks et al, 2002). In order to study the evolution of
tropical plants, and hence begin to understand ways in which to help conserve it,
Begonia is being developed as a model system for the study of tropical diversity.
The global distribution of Begonia diversity is typical of tropical groups, i.e. they are
species rich in the neotropics and SE Asia, and species poor in Africa (Gentry 1982).
Begonia species are generally easily cultivatable, produce large numbers of seeds, and
hybridize readily with one another (the horticultural industry has produced over
10,000 cultivars, (Tebbit et al, 2005)), all these features make Begonia a genetically
tractable model. (Brennan et al, 2012) Begonia are also useful in biogeographic
studies owing to their limited dispersal and low level gene flow resulting in high
population structure that is often highly informative when investigating historical
biogeographical processes (Hughes & Hollingsworth 2008). An additional asset of
Begonia includes a long horticultural history owing to their value as ornamentals,
which has resulted in large collections of species in Botanical Gardens, making
material readily available. All these traits are desirable requirements for a model
system, and make Begonia ideal for the study of tropical diversity.
In order to study the evolution of a group of species it is important to understand their
evolutionary history. This evolutionary framework is typically achieved via
phylogenetic tree reconstruction, which was traditionally developed using
morphological data but since the advent of molecular biology it is now standard
practice to use molecular data, such as DNA or protein sequences. Phylogenetic
reconstruction can be problematic when dealing with closely related and recently
evolved groups of species, as commonly used genes and other loci that provide good
informative characters at high taxonomic levels are often not variable enough at
species-level to allow phylogenetic reconstruction with strong statistical support. This
fundamental problem leaves a paucity of well-resolved groups at these lower
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taxonomic levels which subsequently hinders further analyses, not only in
classification but also studies of biogeography, population genetics, speciation,
developmental biology and comparative genomics to name a few. Success at
identifying new genetic loci for species-level phylogenetics in plants is currently
lagging way behind that of animal systems (Hughes et al. 2006), therefore new
approaches are currently being developed using techniques such as next generation
sequencing to overcome this obstacle and provide ample data for well-resolved,
statistically supported phylogenetic trees.

1.2 Using next generation sequencing of non-model organisms for
phylogenetics
We are using Begonia as a model system to study evolution in tropical plants,
however from a genetics view point, Begonia is still currently a non-model organism
even though significant advances in transcriptome studies have recently been made in
this genus (Brennan et al, 2012) and a draft genome is currently being assembled for
Begonia conchifolia (C. Kidner, personal communication, 2012). There have been
many phylogenetic studies on Begonia using traditional molecular markers (markers
designed for ease and robustness of DNA amplification in many plant species),
(Clement et al. 2004; Forrest 2001; Forrest & Hollingsworth 2003; Plana et al. 2004:
Forrest et al. 2005; Goodall-Copestake 2005; Goodall-Copestake et al. 2009; Thomas
2010; Goodall-Copestake et al. 2010; Thomas et al. 2011), however should these
markers prove limited in their role, then current phylogenetic methods rely on adding
more and more sequence data to build larger datasets in order to obtain good
resolution and statistical support in phylogenetic trees. This method quickly becomes
problematic when fast or slowly evolving species come under as often the commonly
used generic markers do not yield enough phylogenetically informative data for good
phylogenetic resolution. This results in an escalation of laboratory costs and an
increase in the time required to build good phylogenetic frameworks. Chapter two of
this thesis will consider traditionally used molecular markers in Begonia and chapters
three and four will investigate whether next generation sequencing can provide
suitable and informative custom designed molecular markers for phylogenetics in a
cost-effective manner.
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1.3

The Begoniaceae

The flowering plants, or angiosperms, are the most ecologically dominant land plants
and a far bigger group than other land plants in both total number of organisms and
number of species. The angiosperms are the primary producers in most ecosystems
and their high level of morphological, chemical and ecological diversity underlies
general biotic diversity with much of this diversity of tropical origin (Paterson et al.
2008). The study of these plant groups provides an opportunity to understand the
various evolutionary and ecological factors that drive speciation, thereby increasing
our understanding of the evolutionary mechanisms in plants.

Figure 1.1: Distribution map of Begoniaceae (Tebbit et al. 2005)

The genus of plants that my work has focused on is the pan-tropically distributed herb
Begonia, Figure 1.1. Begonias are one of two genera in the family Begoniaceae, the
other genus is the monospecific Hawaiian endemic Hillebrandia sandwicensis
(Clement et al. 2004; MacCaughey 1918).

1.4

Taxonomy and distribution

Begonia is a genus of herbs found in tropical areas worldwide, absent only from the
Australian tropical forest and with over 1500 species divided into 68 sections (de
Wilde & Plana 2003; Forrest & Hollingsworth 2003; Doorenbos et al. 1998; Shui et
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al. 2002) Begonia species are extremely ecologically diverse, with their habitat
ranging from dry, desert scrub, such as B. peltata, through to wet rainforest, B.
conchifolia, and at altitudes from sea level to over 3000 metres (Burt-Utley 1985).
Begonia are characterised by features such as fleshy stems, asymmetrical leaves,
monoecious flowers, bifid styles and dry three-winged fruits, whose seeds possess
unique collar cells below the operculum (De Lange & Bouman 1999), Figure 1.2.

1.5

The evolutionary history of the genus Begonia

The most recent treatments of the pantropical genus Begonia all indicate that the most
basal species are African in origin and this is where the most morphological diversity
in Begonia species is seen. The African Begonia species are relatively ‘species poor’
in comparison to the American and Asian begonias with c.160 African species
identified in comparison to >600 species for both American and Asian begonia
(Plana et al. 2004; Forrest et al. 2005; Goodall-Copestake 2005). Relaxed clock date
estimates from both chloroplast and mitochondria, indicate that extant African
Begonia began to diverge ca. 29 Ma (95% CIs 22-36 and 21-39 ma, respectively), and
a number of phylogenetic analyses with low-density taxon sampling have been
published which indicate parallel radiations to America and Asian occurred at this
time (Clement et al. 2004; Forrest 2001; Forrest & Hollingsworth 2003; Plana et al.
2004: Forrest et al. 2005; Goodall-Copestake 2005; Goodall-Copestake et al. 2009;
Thomas 2010; Goodall-Copestake et al. 2010; Thomas et al. 2011).
Plana (2003) provided an in-depth study of African Begonia species with sampling
that included a small proportion of American and Asian species. Phylogenetic
analyses based on a trnL intron matrix provided mixed levels of resolution between
the taxa. The American taxa are shown to be closely-related to species in sect.
Augustia, such as B. dregei, B. homonyma and B. sutherlandii, whilst a Begonia
species from the island of Socotra, B. socotrana (sect. Peltaugustia) is shown to form
a monophyletic clade with Asian taxa (Plana 2003). Interestingly, sect. Augustia and
sect. Peltaugustia are two of the few sections to contain species that have been
described as seasonally adapted (seasonally adapted Begonia make up only 2% of
extant Begonia species with the remaining species being adapted to equatorial
climatic conditions with typical rainfall between 2500 – 3500 mm per year over 200
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Figure 1.2: Morphological characteristics of Begonia (taken from
http://delta-intkey.com/angio/www/begoniac.htm)

days, (World Meteorological Organisation, (http://www.wmo.int)), and are present in
geographical regions that have more seasonal conditions. It has been speculated by
Plana (2003) and Forrest (2001) that this adaptive trait may have been the necessary
development that enabled the dispersal and subsequent rapid radiation of begonias
into the neotropical environment, as well as onto the Asian continent and Malesian
peninsular and islands (Plana 2003; Forrest 2001). Recent work by GoodallCopestake et al. (2010) and Thomas (2010) has supported this view although this
taxon sampling was focused on African and Asian taxa respectively, with the
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American Begonia species being relatively neglected (Goodall-Copestake et al. 2010;
Thomas 2010).

1.6

Section Gireoudia

There are currently c.1500 Begonia species of which 71 are classified as belonging to
the section Gireoudia, the largest of 16 Begonia sections in Central America
(Doorenbos et al. 1998). A ‘section’ in terms of systematics, is a sub-generic
taxonomic division that is below sub-genus and above sub-section (Stace 1980). The
distinction of sect. Gireoudia from other neotropical begonias is based on a number of
morphological characters, Table 1.1, which include plant habit, leaf form and floral
morphology. Sect. Gireoudia traits include oblique to transverse, palmately nerved
leaf blades and are generally rhizomatous perennials although some are suffrutescent
herbs (Burt-Utley 1985). Chromosome counts also support the grouping of species
within this section as chromosome studies provide a consistent chromosome number
of 2n = 28 (Legro & Haegeman 1971; Doorenbos 1971; Doorenbos 1973; Dewitte et
al. 2009). These characters unite the group but species in sect. Gireoudia also have an
extensive range of morphological variability, with for example growth habit varying
from ground-hugging to tall, cane-like shrubs, and different leaf shapes, textures,
sizes and colourings, Figure 1.3.
Doorenbos et al (1998), have produced the most recent account of the American
sections of Begonia. In their work, they identified 16 American Begonia sections and
describe sect. Gireoudia as containing 66 species, with two of these species whose
membership is doubtful: B. mucronistipula and B. setulosa. Additional new species
added at a later dates by Burt-Utley include B. gentryi, B. mcphersonii, B.
pseudopeltata, B. aguabuenensis and B. sukutensis, bringing the total number of
species to 71 (Burt-Utley & Utley 2012). According to Doorenbos et al. (1998), and
based upon numerical taxonomy (which groups using numeric algorithms such as
cluster analysis), it is predicted that sect. Gireoudia is most closely related to sect.
Weilbachia, however sect. Gireoudia also shows many similarities to sect.
Knesebeckia with regards to floral morphology namely similarities in styles and
anthers (Doorenbos et al, 1998; De Candolle, 1864).
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Whilst sect. Gireoudia forms a coherent group when morphology, geography and
cytology are considered, there has been debate with some species as to the correct
placement of them within the American sections, for instance B. peltata was placed in
sect.

Kneesbeckia in 1960 by Irmscher (1962) but on account of similarity in

inflorescence and leaf anatomy, is now included in sect. Gireoudia by Doorenbos et
al (1998), (See Appendix 19 for a list of currently accepted species in sect.
Gireoudia).
Sect. Gireoudia is distributed throughout Mesoamerica. Species such as B.
nelumbiifolia and B. urophylla are widespread throughout Central America whilst
there are also many endemic species like B. sartorii and B. hydrocotylifolia that are
only found in Oaxaca and Jocotepec, and Veracruz respectively (McMillan et al.
2006). Little is known about how this section of Begonia has colonized and spread
throughout Central America and southern Mexico. Whether they spread slowly into
North America or evolved there after the rise of the Panama isthmus 3-5 million years
ago, (potentially indicating that zoochory could be a mechansim for seed dispersal) is
also unclear, as are the forces driving speciation in this group. Though more diverse
than most groups, Begonias are typical of wet rainforest herbs and a better
understanding of how the diversity in this group has evolved will allow the testing of
hypotheses for general trends of speciation in tropical rainforest plants.

Table 1.1 Morphological characteristics of Begonia
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Figure 1.3: A selection of American Begonia species including a range
from section Gireoudia A: B. nelumbifolia B: B. sericoneura C: B.
carolineifolia E: B. mazae, and from Section Weilbachia D: B. imperialis.

There has been no detailed molecular study to date of the American sections of
Begonia and one cannot infer the monophyly of sect. Gireoudia based purely on
morphological data. It is therefore of great importance to clarify this situation when
defining a study group.
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1.7

Objectives of this investigation

1.7.1

Overview

This thesis will use traditional molecular techniques that are currently widely used in
phylogenetic studies alongside newer approaches in high-throughput DNA
sequencing, in order to (i) compare approaches to choosing phylogenetic markers and
(ii) begin to understand the phylogenetic relationships seen within sect. Gireoudia.
Specifically, the study aims to:

•

Build a phylogeny of sect. Gireoudia using universal primers and the current
default phylogenetic markers of choice, the chloroplast trnL region and
nuclear ribosomal ITS sequences.

•

Review the potential applicability of next-generation sequencing technology
to provide novel phylogenetic markers and solve other current issues in
systematics

•

Sequence chloroplast genomes from a selection of Begonia species and build a
chloroplast genome phylogeny

•

Choose novel phylogenetic markers from the choroplast genome based on the
criteria of high variability, short length for ease of Sanger sequencing, and
phylogenetic congruence with the whole-plastome phylogeny.

•

Utilise these novel markers to generate a phylogeny for Begonia sect.
Gireoudia and allies.
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2
Chapter 2. A phylogenetic appraisal of Begonia section
Gireoudia, based on sequence data from the chloroplast trnL region
and nuclear-encoded internal transcribed spacer (ITS) DNA.
2.1

Introduction

2.1.1

Rationale for the phylogenetic analysis of Begonia section Gireoudia.

Begonia is an excellent model system for the study of plant evolution in tropical
environments owing to its pan-tropical distribution, limited seed dispersal
mechanisms and low level of gene flow in fragmented populations (Hughes,
Matolweni, Balkwill, & McLellan, 2000; Hollingsworth, & Miller, 2003; Hughes &
Hollingsworth, 2008). The determination of the phylogenetic structure of Begonia
section Gireoudia would provide a robust framework for the testing of evolutionary
hypotheses on which macroevolutionary and microevolutionary processes have
contributed to the high level of diversity we see in Begonia species today.

2.1.2

Begonia Phylogenetics

Several phylogenetic studies have been published for the Begoniaceae (Plana 2002;
Plana 2003; Clement et al. 2004; Forrest & Hollingsworth 2003; Forrest et al. 2005)
however, there is yet to be a study with a focus on American Begonia. The
Begoniaceae are placed within Cucurbitales along with six other plant families;
Cucurbitaceae, Datiscaceae, Tetramelaceae, Anisophylleaceae, Coriariaceae and
Corynocarpaceae (APG II, 2003). Schafer & Renner (2011) produced the most data
rich phylogeny of the Cucurbitales to date. The phylogeny indicates that Begoniaceae
is sister to Datiscaceae and Tetramelaceae, Figure 2.1 (Schaefer & Renner 2011).
Begoniaceae-like traits are thought to have evolved between 69 – 46 million years ago
(Ma), when the Begoniaceae crown group diverged (Goodall-Copestake 2005). A
geographic origin for this family has proven elusive owing to the lack of fossil
evidence, although Clement et al (2004), who investigated the ancestral relationship
between the two genera of Begoniaceae; Begonia and Hillebrandia, has suggested
that a boreotropic (Northern hemisphere during the Eocene epoch) or a MalaysianPacific origin is most likely (Clement et al. 2004).
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Figure 2.1: Cucurbitales phylogeny (from Schaefer & Renner, 2011).
Captions from Schaefer & Renner (2011): A simplified version of the maximum
likelihood tree for 269 species of Cucurbitales and two Fagales outgroups based
on 1072 aligned nucleotides of the nuclear ITS1-5.8S-ITS2 region; ML bootstrap
values >60% given at the nodes.

Previous Begoniaceae phylogenetic studies all indicate that the most basal Begonia
species are African, from which both Asian and American Begonia species are
derived (Forrest & Hollingsworth 2003). As discussed in section 1.5, begonias are
estimated to have arrived in South America approximately 10-12 My (Thomas et al.
2011). Current evidence suggests that the original colonist was a recent hybrid, as
Goodall-Copestake (2005) reports incongruence between mitochrondrial and
chloroplast phylogenies (Goodall-Copestake 2005). We know that a number of
hybrids of several species have been identified in the wild (McMillan et al. 2006;
Twyford & Kidner 2012), indicating indeed that hybridisation and polyploidy may
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have been factors in their subsequent diversification. This is especially significant as
American Begonia species show a great ploidy range (2n = 12 to 156 chromosomes),
although as mentioned in chapter 1.7, all species in Begonia sect. Gireoudia thus far
examined have been found to be 2n = 28 (Legro & Haegeman 1971; Doorenbos 1971;
Doorenbos 1973; Forrest 2001; Dewitte et al. 2011). Up to the present time, no
detailed phylogenetic study of any American Begonia section has been produced.
This work aims to provide a framework to clarify the phylogenetic position of
Begonia sect. Gireoudia in relation to other American Begonia sections and to
determine the monophyletic status of Begonia sect. Gireoudia.

2.1.3

Selection of Molecular Markers for Phylogenetic Analysis

Previously published Begonia phylogenies were assessed for suitable informative
DNA regions to use in a detailed phylogenetic analysis of the American begonias with
emphasis on Begonia sect. Gireoudia, (Forrest & Hollingsworth 2003; Plana et al.
2004; Forrest et al. 2005). The nuclear ribosomal internal transcribed spacer (ITS) has
been used in many plant phylogenetic studies including Begonia, and selection of this
region would allow incorporation of existing data. However, even though good
resolution was obtained at the sectional level for analyses of African and Asian
Begonia, deeper nodes were much more problematic (Forrest & Hollingsworth 2003;
Forrest et al. 2005). The lack of resolution in the backbone of the phylogenies was
attributed to the high levels of nucleotide diversity potentially resulting in
ambiguously aligned data and homoplasy. However, according to Plana et al (2004)
and Forrest and Hollingsworth (2003), the highly variable region of the nuclear
internal transcribed spacer (ITS) and the chloroplast trnL intron region were good
candidates for species-level phylogenetic resolution in American Begonia species.

2.1.4

Internal Transcribed Spacer Nuclear Ribosomal DNA

Ribosomal DNA sequences code for the rRNA which form the core of ribosomes.
These sequences regulate amplification and transcription initiation, and contain both
transcribed and non-transcribed spacer regions, Figure 2.2. Internal Transcribed
Spacer regions (ITS) are located between the 18S and 5.8S rRNA coding regions,
(this spacer is known as ITS1), and between the 5.8S and 25S rRNA coding regions,
(known as ITS2). It is these spacer regions that are commonly used for phylogenetic
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studies as they are often highly variable between species and are present in all known
nuclear rRNA genes of eukaryotes (Jorgensen & Cluster, 1988). Additionally, ITS
regions are usually easily amplified (even from small quantities of DNA) owing to the
high copy number of rRNA genes, which has led to its popularity in phylogenetics.
Genes that encode rRNA and spacers, occur in tandem arrays that are thousands of
copies long, separated by intergenic spacers (non-transcribed regions), Figure 2.2.

2.1.5

Chloroplast trnL Intron

The chloroplast trnL intron is a group 1 intron, it is a self-splicing intron that requires
an external guanine-containing nucleotide for splicing, thereby releasing the intron in
a linear form. The trnL intron is the only group 1 intron in the chloroplast genome,
and as such has been well characterised, Figure 2.3. It has a conserved secondary
structure with alternation of conserved and variable regions, Figure 2.4.
Primers for this region were designed in 1991 by Taberlet et al, and have been used
extensively for studies at genus and species level since. One of the main reasons for
its popularity is that the primers are highly conserved and the amplification is very
robust (Taberlet et al. 1991; Taberlet et al. 2007).

Figure 2.2: Schematic representation of rDNA repeat structure. 18S, 5.8S, and
25S refer to ribosomal RNAs. ITS and IGS refer to internal transcribed
spacer and intergenic spacer, respectively. (Taken from Jorgensen & Cluster,
1988).
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Figure 2.3: Primary structure of trnL UAA Intron.

Figure 2.4 Secondary structure representations. (A) tRNA-Leu encoded by the
trnL-UAA gene of Campylopus flexuosus. The position of the trnL-UAA intron
in the gene is indicated (Taken from Quandt, 2005)

2.1.6

Statistical Methods In Phylogenetic analysis

There are a number of common methods employed for the phylogenetic analysis of
taxa. Clustering algorithms are usually very fast and relatively simple. Common

!

"#!

methods are Unweighted Pair Group Methods with Arithmetic Mean (UPGMA) and
Neighbor-joining (NJ). UPGMA assumes genetic distances are proportional to time,
i.e they are ultrametric, which is rarely the case and therefore not often used now. To
avoid this shortcoming, NJ was developed by Saitou and Nei, (1987), this is based on
the minimum evolution criterion, i.e selects for the shortest branch lengths. Whilst
allowing the use of a model of evolution, NJ only produces one tree as it combines all
the sequence information in to a single distance value. However, the tree produced is
often representative of the optimal tree and thus NJ is still in common practice for
quick analyses (Saitou & Nei 1987).
One of the earliest non-clustering methods of tree-building developed was parsimony
analysis (Hennig, 1966). Parsimony analysis is based on the principle that the method
makes as few assumptions as possible, i.e the simplest solution is the best, when all
other factors are equal. Often termed ‘Maximum Parsimony’ (MP) in cladistics, it is
used to infer evolutionary relationships using the fewest evolutionary changes
between character states that are required to explain the data. This method has been
used extensively in the past with morphological datasets (Rogers & Swofford 1998).
However, with the advent of molecular biology and DNA sequencing, it became
apparent that the MP is not consistent with many models of evolution and that more
complex analyses were required (Gadagkar & Kumar 2005).
Introduced by R.A Fisher (Fisher 1922), maximum likelihood (ML) analysis is a
statistical method that is closely related to the concept of probability. The principle
behind ML is to find the parameter values that make the observed data most likely,
i.e, ML assumes a model of character state and then given the observed data, it
estimates an evolutionary tree with the highest probability, i.e. ‘most likely’
(Felsenstein 1981). ML is now one of the most popular statistical methods for
molecular phylogeny reconstruction between organisms as it can test different models
of evolution, dates of divergence and rates of molecular evolution.
Bayesian inference (BI) is another statistical likelihood method that allows many
evolutionary parameters to be estimated simultaneously, and therefore, is
computationally more demanding than maximum likelihood. The method is based on
‘Bayes’ theorem’ developed by Thomas Bayes in 1763. Bayesian analysis assumes
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population model parameters are random and constructs a distribution model of these
parameters, known as priors. This distribution model is then used to assess the
observed data via Bayes’ formula to calculate the degree of belief in the hypothesis,
known as the posterior. BI allows the searching of ‘tree space’ in an informed manner
i.e it searches for a number of plausible trees instead of a single best tree given the
prior information and then calculates the probability of observing the true tree using
the posterior distribution. Software packages such as BEAST (Drummond & Rambaut
2007) and Mr Bayes (Ronquist 2005) employ this type of method.

2.2

Materials and Methods

This section contains methods used in the laboratory for the work described in this
chapter. Methods developed during this thesis will be provided in the relevant
chapters.

2.2.1

DNA Extraction

Silica dried plant material (approximately 20mg) was disrupted using a Qiagen
Tissuelyser system then total genomic DNA was extracted using Qiagen DNeasy
Tissue Kit (Cat No. 69504). Total genomic DNA was eluted in 2 x 50!l sterile
distilled water and stored at -20°C.

2.2.2

Polymerase Chain Reaction (PCR)

The trnL intron and ITS regions were amplified using PCR with primers AB101 &
AB102, and trnL-C & trnL-F, respectively, Table 2.1. PCR’s were set up on ice using
the reaction mix in Table 2.2, and subjected to the relevant thermocycling program,
Table 2.3 and Table 2.4. PCR products were visualized using 2% agarose gel
electrophoresis in TBE buffer to check concentration and fragment size.
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Primer
Name

Region
Sequence 5' - 3'

name

Direction Reference
Sun et al.

AB101

ACGAATTCATGGTCCGGTGAAGTGTTCG ITS

Forward 1994
Sun et al.

AB102

TAGAATTCCCCGGTTCGCTCGCCGTTAC ITS

Reverse 1994
Clement et

51 nt

AGGTGAACCTGCCGAAGGATCATTG

ITS

Forward al. 2004
Reverse of

Internal
2g*

ACGTCTGCCTGGGTGTCAC

ITS

2g: Moller et
Forward al. 1997
Taberlet

TrnL-C CGAAATCGGTAGACGCTACG

TrnL

Forward 1991
Taberlet

TrnL-F ATTTGAACTGGTGACACACGAG

TrnL

Reverse 1991
This

NBH3

AGATGGTTTGGGTCTATGTC

TrnL

Reverse Manuscipt

Table 2.1. Primer sequences for ITS and trnL regions.

Table 2.2: PCR reaction mix
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Table 2.3 Thermocycling program for ITS amplication.

Table 2.4 Thermocycling program for trnL amplication.

Table 2.5 BigDye sequencing reaction mix.

Table 2.6 BigDye sequencing program.
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2.2.3

Agarose Gel Electrophoresis

PCR products were electorphoresed on 2% agarose gels, in 0.5 X Tris boric acid
EDTA (TBE) buffer supplemented with ethidium bromide at a final concentration of
0.5µg/ml, and visualized in a transilluminator GelDoc system under ultraviolet light
to confirm presence of PCR products. DNA Size standards used were : 1Kb ladder
(500bp - 10Kb) and 100bp ladder (100bp - 1.5Kb), both from New England Biolabs,
Hyperladder 1 and Hyperladder V, both from Bioline.

2.2.4

PCR Clean-up protocol

In order to remove unincorporated nucleotides and chemicals from the PCR reaction
mix, PCR products were purified using the GFX Purification Kit (GE Healthcare; Cat
No. 27-9602-01)
Purified PCR products were eluted in 10!l of sterile distilled water. 1!l of this eluate
was subjected to 2% agarose gel electrophoresis in TBE buffer to check concentration
of product.

2.2.5

Sequencing PCR

The trnL and ITS PCR products generated were used as templates for subsequent
sequencing reactions, using BigDye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Inc., Foster City, CA). The samples were processed on an ABI
prism 3730 automated sequencer (Applied Biosystems, Inc., Foster City, CA).
Sequencing PCR’s were set up on ice using a 1/8th BigDye reaction mix, Table 2.5,
and then subjected to the recommended temperature cycles, Table 2.6.

2.2.6

Sequencing Analysis

Sequences were imported into Geneious software for editing and assembling of
consensus sequences. Sequences were aligned into a sequence matrix using Geneious
alignment with cost matrix: Blosum62; Gap open penalty: 12; Gap extension penalty:
3; Alignment type: Global alignment with free end gaps. The alignments were
visually inspected and manually adjusted and exported for analysis. Datasets were
subjected to analyses using maximum parsimony (MP), maximum likelihood (ML)
and Bayesian inference (BI) methods using PAUP, PhyML and MrBayes (Swofford
2002; Guindon & Gascuel 2003; Ronquist 2005).
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2.2.6.1 Modeltest and Maximum Likelihood Analysis

The program Modeltest (Posada & Crandall 1998) was used to test models of
evolution on the ITS and trnL alignments for Maximum likelihood analyses.

2.2.6.2 MrModelTest and Bayesian Analysis

The program MrModeltest 2.2 (Nylander 2004) was used to test models of evolution
on the ITS and trnL alignments for Bayesian Inference analyses.

2.2.6.3 Support Values

For the Bayesian analyses, a 90% posterior probability (PP) lower threshold was
considered to indicate moderate support and a 95% lower threshold to indicate well
supported relationships. For the MP and ML analyses, a 70% bootstrap support value
lower threshold was considered to indicate moderate support, and an 85% lower
threshold to indicate well-supported relationships.

2.2.6.4 Maximum parsimony

The aligned chloroplast DNA matrix for sixteen Begonia species was subjected to
parsimony analysis in PAUP 4.0b10 (Swofford 2002). A heuristic search strategy of
10,000 random sequence addition replicates with tree bisection-reconnection (TBR)
branch swapping, saving 10 trees per replicate, with MULTREES on, steepest descent
off, was implemented. A bootstrap analysis (Felsenstein 1985) was performed to
evaluate the robustness of clades using a fast stepwise addition search algorithm with
1000 replicates unless otherwise specified. A 50% majority-rule consensus tree was
calculated from all the most parsimonious trees.

2.2.6.5 Maximum Likelihood

Maximum likelihood analysis was implemented using PhyML (Guindon & Gascuel
2003) with a GTR+I+G model of DNA evolution and determination of a strict
consensus tree from 1000 bootstraps. The appropriate substitution model was selected
for the dataset using Modeltest (Posada & Crandall 1998) based on Akaike’s
Information Criterion (AIC) and hierarchical Likelihood Ratio Test (hLRT).
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2.2.6.6 Bayesian Inference

Bayesian inference analyses were performed in MrBayes v3.1.2 (Hulsenbeck and
Ronquist) on unordered and equally weighted characters with the following settings.
The evolutionary model employed six substitution types (“nst=6”), with base
frequencies set to the empirically observed values (“basefreq=empirical”). Rate
variation across sites was modeled using a gamma distribution (“rates=gamma”). The
Markov chain Monte Carlo search was run with 4 chains for 1,100,000 generations,
with trees sampled every 200 generations and the first 1000 trees discarded as
‘burnin’. All phylogenetic trees were visualized using Figtree (Rambaut &
Drummond 2010).
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Species from Begonia sect. Gireoudia, and species from other American Begonia
sections were sampled for ITS and TrnL analysis along with Asian and African
Begonia species to aid placement within the genus (Appendix 2). The monotypic
Hillebrandia sandwichensis was used as the outgroup when data was available,
substituted by Begonia dregei when H. sandwichensis was not present in the dataset.

2.3

Results and Discussion

2.3.1

DNA sequencing and alignment

Successful amplification of the chloroplast and nuclear DNA regions was achieved
for a selection of American Begonia species, although some of the sequencing efforts
have proven unsuccessful (especially those for trnL intron) even with different
primers, used in an attempt to obtain DNA sequence data. (Appendix 2), indicates the
taxa sampled with section, origin and accession/source. The matrices for both trnL
and ITS sequence data alignments are available on the accompanying DVD.

2.3.2

Modeltest and Maximum Likelihood Analysis

The program Modeltest (Posada & Crandall 1998) was used to test models of
evolution on both the ITS and trnL intron datasets for Maximum likelihood analyses
using the Akaike Information Criterion (AIC). The molecular substitution model
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chosen for ITS was: MrBayes settings for the best-fit model (GTR+I+G) selected by
AIC in Modeltest. The molecular substitution model chosen for ITS was GTR+I+G
and for the trnL intron was F81+G.

2.3.3

MrModelTest and Bayesian Analysis

The program MrModeltest 2.2 (Nylander 2004) was used to test models of evolution
on both the ITS and trnL intron dataset for Bayesian Inference analyses using the
AIC. The molecular substitution model chosen for ITS was: GTR+I+G and for the
trnL intron it was F81+G.

2.3.4

Support Values

For the Bayesian analyses, a 90% posterior probability (PP) lower threshold was
considered to indicate moderate support and a 95% lower threshold to indicate well
supported relationships. For the MP and ML analyses, a 70% bootstrap support value
lower threshold was considered to indicate moderate support, and an 85% lower
threshold to indicate well-supported relationships.
Initial analyses on the ITS and TrnL intron datasets all indicate that MP analyses
lacked robust statistical support (figures 2.5 and 2.8). Analyses and discussions are
therefore concentrated on ML and Bayesian methods, however, the phylograms
produced for both MP analyses are presented.
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Figure 2.5 Maximum parsimony 50% majority-rule tree (cpDNA data: trnL
intron, 45 taxa). Bootstrap support values (BS) > 60 are indicated next to the
nodes.
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Figure 2.6. Maximimum likelihood phylogram (cpDNA data: trnL intron; 45
taxa). Bootstrap support (BS) values > 60 are indicated next to the nodes.
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Figure 2.7 Bayesian Inference phylogram (cpDNA data: trnL intron; 45 taxa).
Bayesian posterior probability (PP) support values > 0.6 are indicated next to the
nodes.
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Begonia species
Section Gireoudia
American species
African species
Sister genus
Unidentified Begonia species

50
100 97
78
50

Begonia socotrana
Begonia aspleniifolia
Hillebrandia sandwichensis
Begonia dregei 1
Begonia dregei 2
Begonia lubbersii
Begonia wollnyi
Begonia olbia
Begonia integerrima
Begonia incarnata
Begonia gracilis
Begonia cinnabarina
Begonia boliviensis
Begonia pringlei
Begonia lymannsmithii
Begonia polygonata 1
Begonia pinetorum 1
Begonia nelumbiifolia 1
Begonia nelumbiifolia 2
Begonia violifolia
Begonia imperialis
Begonia theimei 2
Begonia theimei2 1
Begonia peltata 2
Begonia peltata 3
Begonia manicata 3
Begonia manicata 2
Begonia multinervia 1
Begonia multinervia 2
Begonia involucrata 2
Begonia involucrata 3
Begonia spp 1
Begonia stigmosa
Begonia involucrata 7
Begonia spp 2
Begonia involucrata 4
Begonia involucrata 5
Begonia glandulifera 1
Begonia convalliarodora
Begonia fissistyla
Begonia meridensis
Begonia guaduensis
Begonia holtonis
Begonia fuchsoides
Begonia odorata
Begonia minor
Begonia obliqua
Begonia cubensis
Begonia crassicaulis
Begonia conchifolia 1
Begonia conchifolia
Begonia lindeyana 1
Begonia cardiocarpa
Begonia sericoneura 5
Begonia sericoneura 6
Begonia sericoneura 7
Begonia sericoneura 3
Begonia sericoneura 4
Begonia heracleifolia 4
Begonia heracleifolia 1b
Begonia egregia
Begonia ulmifolia
Begonia valida
Begonia sartorii
Begonia glabra
Begonia convolvulacea
Begonia listada
Begonia echinosepala
Begonia luxurians
Begonia lobata
Begonia angularis
Begonia rufosericea
Begonia oxyphylla 2
Begonia oxyphylla 1
Begonia squarrosa
Begonia carolineifolia 4
Begonia sarcophylla 1
Begonia martii
Begonia mazae
Begonia hydrocotylifolia 2
Begonia spp 3
Begonia carrieae 1
Begonia carrieae 2
Begonia manicata 1
Begonia breedlovei
Begonia sousae 1
Begonia sericoneura 2
Begonia heracleifolia x Begonia sarcophylla
Begonia heracleifolia x Begonia nelumbiifolia 2
Begonia heracleifolia 2
Begonia nelumbiifolia x Begonia heracleifolia
Begonia heracleifolia x Begonia nelumbiifolia 1
Begonia heracleifolia 1a

Figure 2.8 Maximum parsimony 50% majority-rule tree (nrDNA data: ITS, 93
taxa). Bootstrap support values (100 replicates) > 50 are indicated next to the
nodes.
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Figure 2.9 Maximimum likelihood phylogram (nrDNA data: ITS; 93 taxa).
Bootstrap support (BS) values > 60 are indicated next to the nodes.
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Figure 2.10 Bayesian Inference phylogram (nrDNA data: ITS; 93 taxa). Bayesian
posterior probability (PP) support values > 0.6 are indicated next to the nodes.
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2.3.5

Phylogenetic analysis of the trnL Intron

The trnL intron aligned matrix consisted of 45 taxa with an alignment length of 411
bp, 368 bp unambiguously aligned characters, containing 22 variable uninformative
and 21 parsimony informative sites. Figure 2.6 shows the maximum likelihood
analysis of the trnL dataset. A single tree was produced from a heuristic search (20
random addition replicates, TBR swapping) using the F81+G substitution matrix with
base frequencies as previously determined and a gamma distribution of rate variation
among sites and an invariant sites model. The Bayesian inference phylogram, Figure
2.7, has been annotated with clade identification for clarity in the following
discussion.
Relatively few clades are supported in the trnL phylogenetic tree. sect. Gireoudia
species are only represented by two small clades, A and B. Clade A comprises of five
taxa; B. sousae; two accessions of B. nelumbiifolia and two putative hybrids from
Mexico thought to be B. heracleifolia x B. breedlovei and B. heracleifolia x B.
sarcophylla. Clade B contains the same number of species as clade A, the species are
B. conchifolia, B. cardiocarpa; B. lindleyana, B. plebja and three accessions of B.
sericoneura. The remaining two clades C and D are representatives from Africa and
Asia. The African sect. Augustia is nicely defined with support only in the Bayesian
analysis (PP) of 100%), with the Bayesian analysis identifying a further grouping,
clade D, (PP 99%) containing the African species B. socotrana (a species currently
found to be basal to the Asian begonia lineage), along with a selection of Asian
begonia species. Although this grouping is not supported in the ML anaylsis, these
species have been grouped together in previous phylogenetic studies specific to Asian
begonia species (Thomas 2010).
The remaining Gireoudia species make up a large polytomy with very little resolution
in both trees. This lack of resolution within sect. Gireoudia may reflect fast radiation
at the origin of this group. Unfortunately, this dataset yields little insight into the
phylogenetic structure of sect. Gireoudia, as there is no other significant or insightful
information that is shared between both trees within the ML and BI analyses.
Overall, the trnL intron data matrix is not a very informative region for the study of
phylogenetics in American begonia.
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2.3.6

ITS Phylogenetic analysis

The ITS aligned matrix contained a total of 93 accessions with an alignment of 977
characters. Of these, 439 characters were constant, 120 variable characters are
parsimony-uninformative and 418 are parsimony-informative. Trees derived from the
ITS dataset of 93 accessions are presented in figures 2.8 – 2.10. Figure 2.9 shows the
ML analysis. A single tree was produced from an heuristic search (20 random
addition replicates, TBR swapping) using the GTR substitution matrix with base
frequencies as observed and a gamma distribution of rate variation among sites and an
invariant sites model. The Bayesian inference phylogram, Figure 2.10, has been
annotated with clade identification for clarity in the following discussion.
The ML and BI trees show good bootstrap support for a few clades within this group
especially within the BI tree however the basic backbone of the phylogram still
cannot be resolved and shows a giant polytomy at the base. The ITS clade A retains
the same species as the trnL clade A, but with the addition of B. crassicaulis and B.
heracleifolia (PP 100%). The ITS clade B is also very similar to the trnL clade B with
respect to containing B. heracleifolia and B. nelumbiifolia hybrids (PP 95%). There is
currently little structure between the American sections although there are some
strong groupings within the clades. sect. Gireoudia is fully contained within one clade
apart from B. sartorii, whose placement lies within a strongly supported South
American grouping (Figure 2.10; clade E, PP 98%). The morphology and sectional
placement of B. sartorii should be examined more closely in future studies. The
remaining clades contain representative species from a selection of American
Sections. An example of polyphyly can be seen where B. violifolia and B. imperialis
(sect. Weilbachia) are placed within sect. Gireoudia, indicating the need for further
sampling of this section to determine if sect. Weilbachia should be included in sect.
Gireoudia. As already discussed in chapter 1.7, B. peltata was previously assigned to
sect. Knesbeckia, but subsequently moved into sect. Gireoudia on account of
inflorescence morphology and leaf anatomy. Both the ML and BI analyses place B.
peltata within sect. Gireoudia. This is a good example of the difficulty in assigning
sectional placements on morphology alone and highlights the importance of
molecular datasets for phylogenetics. It is hard to directly compare the topology
between the ITS and trnL phylogenetic trees based on ML and BI as there is little
support for the base of the trees, however, there is congruence between the two
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datasets for two strongly supported clades (A & B) which group together Begonia
species exclusively found in sect. Gireoudia, although robustly supported
phylogenetic structure throughout these trees still remains elusive. The highly variable
ITS region is often a good candidate for phylogenetic studies, however the high levels
of nucleotide diversity and sequence length variation can result in ambiguous
sequence alignments and homoplasy, and this combined with the low level of
variability in the trnL intron has led to the unresolved backbone of the American
Begonia phylogeny. The phylogenetic trees presented here do not allow for the testing
of geographic structure with any confidence, or allow the inference of mechanisms of
speciation.
The two data sets were not combined for phylogenetic analysis as it is expected that
the resulting tree would appear very similar to the ITS tree owing the disparity of the
number of characters in each data set. The trnL dataset has 21 informative characters,
whilst the ITS data has 418 informative characters. Thus the ITS data strongly
outweighs the trnL data. Additionally, other phylogenetic studies in Begonia have
shown considerable between-genome incongruence which is probably due to
hybridisation (Goodall-Copestake et al (2005), Thomas (2010)), making combined
analyses inappropriate.

2.4

Concluding remarks

This chapter presents an insight into the phylogeny of American Begonia species,
with a focus on sect. Gireoudia, derived from nucleotide sequence data. Prior to this
study, no American Begonia section had been looked at in any phylogenetic detail
and initial analyses using DNA sequence data based on chloroplast (trnL intron; 45
taxa) and nuclear regions (ITS; 108 taxa) were used in an attempt to reconstruct the
phylogeny of Begonia species in sect. Gireoudia. A total of 1388 bp of aligned
chloroplast and nuclear sequence data was analysed, and two clades within sect.
Gireoudia have been identified with a high level of support that consistently appear in
all analyses. However, this sequencing effort did not enable the determination of the
monophyletic status of sect. Gireoudia, nor did it allow inference of the
biogeographic history for this diverse group. In this appraisal of two commonly used
nuclear and chloroplast DNA regions, it can be concluded that both the ITS and the
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trnL intron regions are not suitable candidates for the species-level study of
phylogenetic structure in American Begonia species and alternative regions or a
different approach should be explored.
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3
Chapter 3. New technologies and methodologies for systematic
studies.
The following chapter contains a review of the new technologies and methodologies
that are currently being developed and employed in taxonomic and related research.
This peer-reviewed publication represents an important aspect of this thesis as the
desire to advance one’s own project and to disseminate information relevant to
current methods in phylogenetics and systematics was the impetus for the preparation
of this manuscript. This invited review was prepared by Nicola Harrison and
Catherine Anne Kidner, both authors contributed equally to the writing and editing of
the manuscript. The references are presented at the end of this chapter in keeping with
the paper format of this section, rather than in the reference section at the end of this
thesis.
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The increasing speed and decreasing cost of generating DNA sequence data has
transformed experimental approaches in many fields of biology. In this review we
describe some of the new technologies commercially available and in development,
and discuss how plant taxonomy could benefit from the possible data generated.
These benefits include better resolved phylogenies, potential for dealing with the
difficulties posed by polyploidy and hybridisation and new options for studying
species boundaries and species relationships in recent radiations.
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A need for cheap, fast, reliable sequencing is common to many fields of biology.
Since 2004 the National Human Genome Research Institute (United States) has
invested more than $100 million in development of new sequencing technologies,
'next-generation' sequencing (Schloss, 2008). The potential for profit in sequencing
genomes of individual people to screen for susceptibility to disease has created fierce
competition between commercial companies to develop these new sequencing
technologies. This has resulted in a huge reduction in the cost of producing accurate
DNA sequencing to prices as low as $1 per 1,000,000 base pairs on a SOLID 4
system (http://www.lifetechnologies.com/home.html). These low costs are achieved,
in part, by economies of scale. Next-generation (NG) sequencing produces billions of
base pairs of DNA sequence data from each sample. In this review we discuss
currently available technology, speculate on future developments and ask:
_What data can a NG sequencer provide?
_What can sequencing on this scale offer to taxonomists?
_What skills will taxonomists need to add to their toolkit to make the most effective
use of these technologies?
_What is the potential for these new technologies to help taxonomy deal with the
challenges of the next twenty years?
The first section briefly describes the technologies involved and the methods of
analysis which have been developed to deal with the large amounts of data generated.
These topics have been covered in many recent reviews (e.g. Ansorge, 2009; Chan,
2009; Metzker, 2009; Rokas and Abbot, 2009; Tautz, 2010; Glenn, 2011; Suzuki et
al., 2011; ), and readers familiar with this material may prefer to move directly to the
later sections of the paper on how the new technologies can be applied to taxonomic
problems, which new methods of analysis could be used, and whether the availability
of large quantities of genetic data could change taxonomic practice.
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Traditional Sanger DNA sequencing (reads of a single region of DNA sequence run
on gels or columns) developed by Frederick Sanger (Sanger et al., 1977) is now
referred to as First-generation sequencing. The subsequent development of
technologies that sequence thousands of DNA sequences in a single process are
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termed Next-Generation Sequencing, Massively Parallel Sequencing (MPS), High
Through-put Sequencing and either Second Generation Sequencing (using DNA
amplification) or Third Generation Sequencing, (without DNA amplification). The
current providers of next-generation sequence platforms that are leading the field are
Illumina, ABI SOLiD and Roche454 and the technology used in each case has its own
advantages and drawbacks. We provide a brief summary of the important features and
terms associated with the technologies currently commercially available (Table 3.1,
Box 3.1). The major application of NGS has been bulk sequencing of single, or small
numbers of samples, but recent developments have allowed the economies of scale to
be applied to larger datasets by multiplexing (For example: Andolfatto et al., 2011;
Erlich et al., 2009; Kozarewa & Turner, 2011, see Box1).

3.4.1

Genome Sequencing

Producing huge numbers of DNA sequence-reads from single samples is ideal for
whole

genome

sequencing.

Sample

preparation

is

simple

and

relatively

straightforward; total genomic DNA is extracted from the organism of interest and
prepared using standard laboratory protocols for sequencing. The sequencing facility
will usually deal with fragmenting the sample into sections short enough to sequence
and attaching to these fragments the adapter sequences needed by the sequencing
enzymes (creating the library), (Linnarsson, 2010). The library preparation is often
priced into the sequencing service as most current platforms require specialist
equipment and trained staff to ensure that quality control measures are maintained
throughout the procedure to ensure successful sequencing. The sequencing process
itself is fast (a number of hours or circa a week, depending on which sequencing
platform is used and how much data are required) with the main bottleneck being
cleaning up and assembling the sequence reads to generate useable data (Li & Homer,
2010; Miller et al., 2010).
The amount and quality of DNA needed for sequencing varies among the new
technologies, but in general larger amounts of higher quality DNA are required than
were needed for first generation sequencing. This is because all the DNA in the
whole sample is sequenced, whereas in older technologies PCR is used to amplify
sufficient copies of DNA representing a single region for subsequent sequencing.
Extracting DNA of sufficient quality for NG sequencing can be difficult from some
!
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Box 3.1. Terms and techniques used in next generation sequencing.
Contig - DNA sequence reconstructed from a set of overlapping DNA fragments (reads).
Coverage - The average number of reads representing a given nucleotide in the assembled
genome. It shows how many times that a base pair has been 'read'.
De novo Sequencing - Generation of the first genetic sequence for an organism.
Emulsion PCR – A method of amplifying sequencing templates in a cell-free system where
the multiple independent PCR reactions are preformed within water bubbles suspended in an
oil matrix.
Mate-pair sequencing – A strategy for library preparation from large fragments (2-5 kb) that
ligates two ends together and generates a sequence template from the few hundred base pairs
surrounding the junction. This gives sequence reads separated by a known distance.
Multiplexing – Sequencing from several samples in a single pool. Each sample has a unique
short sequence tag, a 'barcode', ligated to it before pooling. These sequence tags are used to
identify reads from the individual samples when deconvoluting the pool of reads.
Nanopore Sequencing – Single stranded DNA or RNA is electrophoretically driven through
a nanoscale pore and the sequence determined by the alteration of the pore’s electrical
properties.
Paired-end sequencing – The direct sequencing of both ends of a 200-600bp DNA fragment,
Except in 454 sequencing where definition is the same as mate-pair.
Pipeline – A defined sequence of processing steps that is used to convert raw data into
meaningful data.
Pyrosequencing – A method of DNA sequencing that relies on the detection of light from
pyrophosphate release on nucleotide incorporation.
Scaffold - A series of contigs that are in the right order but do not necessarily form a
contiguous stretch of sequence, often generated from assembly of paired end or mate pair
reads.
Sequencing-by-ligation – The sequence sensitivity of DNA ligase is used to determine the
underlying DNA sequence of the target strand by joining matching oligonucleotides from a
pool of fluorescently labeled mixed oligonucleotides.
Sequencing-by-synthesis – Determining base order during the synthesis of the
complementary strand of a single strand of DNA.
Single Nucleotide Polymorphisms (SNPs) - Single base pair differences between
individuals, anywhere in the genome, that can be detected by a number of different PCR or
microarray-based techniques.
Solid Phase Amplification - A method of amplifying sequencing templates that are attached
to a glass slide.
Synteny – The arrangement of genes along a chromosome
Transcriptome – Sequence of all the mRNA from a sample, identifying all the genes
expressed in a given tissue or organism. Sequence is of transcribed sequences only – mostly
protein coding so much simpler than genome sequence.

samples, such as herbarium specimens (Telle & Thines, 2008). Contamination can
also be a problem because subsequently filtering out bacterial, fungal or herbivore
sequences from a plant sample is difficult if sequence from the contaminating
organisms is not present, or not properly identified, in DNA sequence databases such
as Genbank. Such contaminants will affect assembly of the desired sequence.
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Many studies using NG sequencing involve re-sequencing of genomes. The first
genome sequenced for a species serves as a reference sequence and the “resequenced” genomes of other individuals from the same or closely related species can
be assembled using the reference sequence as a guide. This type of assembly is known
as reference-guided assembly (RGA). Assembly of new genomes with no prior
sequence information (de novo sequencing, Box 1) is much more challenging. The
cost of de novo sequencing will be much greater as a higher number of sequencereads covering each stretch of sequence (coverage) are required to confirm individual
base pair calls (see Box 1). The error rates for some of the new technologies can be
rather high (see table 1) and genome regions rich in As and Ts produce fewer
sequence reads so more reads are required overall to produce reliable sequence
(Harismendy et al., 2009). In addition there are difficulties associated with the
unguided assembly of millions of very short reads into long contigs (see Box 1). The
highly heterozygous genome sequence of a typical non-model organism requires still
higher coverage to deal with the problem of variation between the sequences of the
two different alleles of each gene. In order to gather enough good quality DNA for a
sequencing run, samples may be pooled from several individuals, resulting in a wide
range of polymorphism, which may be useful and interesting but makes assembly
challenging. However, assembly problems are becoming easier to solve as
technological advances increase the length of reads, along with the development of
paired-end and mate-pair sequencing (Box 1) which are invaluable in providing a
framework for genome assembly (Bao et al., 2011; Li & Homer, 2010; Zhang et al.,
2011).
Name

Sample Preparation

Sanger
Illumina/Solexa
GAIIx

PCR

Illumina MiSeq
Life/APG SOLiD 4
Roche/454 GS FLX
Titanium
454 GS Junior
Titanium

Sequencing
method

Read length Capacity for Error Rate for
(bp)
paired reads? raw reads (%)

Error type

Reagent Cost Yield (Mb)/
per Mb
run

Chain Terminator

600-900

Yes

0.001 - 1

Substitution

£925 / $1500

0.01

Solid-phase PCR

Synthesis

150

Yes

0.3 - 3.8

Substitution

£0.07 / $0.12

96,000

Solid-phase PCR

Synthesis

150

Yes

>0.01

Substitution

£0.46 / $0.74

1,020

Emulsion PCR

Ligation

50

Yes

0.1 - 1

A-T bias

<£0.07 / <$0.12

71,400

Emulsion PCR

Pyrosequencing 330 Average

Yes

3-4

Indel

£7.65 / $12.4

500

Emulsion PCR

Pyrosequencing
Synthesis (H+
Detection

400

Yes

1

Indel

£13.57 / $22

50

>100

No

~1

Indel

<£4.63 / <$7.5

>1000

Synthesis

25-35

Yes

3-7

N/A

28,000

Synthesis

964 Average

No

0.001

CG deletions

N/A
£6-111 /
$11-180

Ion Torrent - 316 chip Emulsion PCR
Single-molecule
Template
Helicos
Single-molecule
Pacific BioSciences Template

N/A

Table 3.1. Methods of next generation sequencing. Data taken from Glenn et al 2011.
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Paired-end and mate-pair sequencing (Box 1) aid assembly of short DNA sequence
reads by providing additional information on the distance between them enabling
'scaffolding' to be incorporated into the analysis, giving a more robust sequence
assembly. As a first step, the genomic DNA is sheared and fragments to be sequenced
are size selected (between 200-600bp for paired-end in Illumina, standard sizes of
3kb, 8kb and 20kb for paired-end in 454 and between 2-10Kb for Mate-pair in
Illumina) then both ends are sequenced. The distance between the reads from each
end can be estimated from the size selection and included as a parameter in some
assemblers, such as Velvet, or it will automatically be estimated in others, such as
Newbler (Zhang et al., 2011), and this helps assembly of the short reads into contigs
many kilobase pairs long. Paired-end sequencing is also very useful in helping to
detect structural rearrangements in the genome such as inversions, deletions and
insertions, as well as being able to bridge difficult or complex regions (Box 1).
Paired-end sequencing is now standard on most NGS platforms and algorithims to
deal with such data have been developed (Fullwood et al., 2009; Gnerre et al., 2011;
Ratnakumar et al.,

2010; Rodrigue et al.,

2010). However, preparation of the

libraries for mate-pair sequencing requires large amounts (>40ug) of clean and high
molecular weight DNA that may be difficult to obtain for some plants.
Using this kind of approach, an acceptable de novo draft assembly can be generated
for a small plant genome, comparable to Arabidopsis thaliana (157Mb), for about
£5,000 ($8100) (as of June 2011, pers.comm K.Gharbi, Genepool Sequencing
Facility). This could be achieved by using short read paired-end sequences from a
selection of 300bp and 600bp at 50x coverage, along with 20x coverage from mate
paired libraries size selected for 3-5kb and 10Kb DNA fragments on 454 platform.
The assembly of such a draft genome would need a powerful computer and would
take a relatively short time to assemble a working draft, but a much longer time to
annotate (Box 1). The computing resources required for de novo assembly should not
be underestimated because computers (or clusters of computers) with upwards of 256
GB of RAM are often required to assemble large genomes.
The success of any whole genome sequencing approach depends greatly on the
structure of the genome, and of course, some problems will not be detectable until the
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attempt to assemble the genome is made.

As genomes from more species are

sequenced and assembled, standard approaches to dealing with de-novo assembly,
repetitive regions, heterozygoisity, AT –rich regions and other problems are being
developed, but for the moment it is a labour intensive task. The list of publicly
available wholly NG sequenced genomes grows by the day, but all of these are
unfinished and consist of loosely ordered, or more typically, unordered, short contigs
(Feuillet, 2010; Zhang et al., 2011).

3.4.2

Transcriptome Sequencing

One way of overcoming the difficulties of assembling a whole genome de novo is to
sequence the transcriptome instead (Box 1). RNA is extracted from as many fresh
tissues and developmental stages as possible. Extraction of RNA can be difficult
compared to DNA and is dependent on access to healthy growing plants. Several
companies make extraction kits that work widely (although representation of all
RNAs may be poorer due to the removal of small RNAs in some kits) and preserving
solutions are available that allow RNA to be extracted from samples collected in the
field (e.g., from Ambion, Invitrogen, Qiagen). The coding mRNA is usually separated
from the non-coding and bacterial RNA by selecting for the tracts of As on the ends
of the molecules (polyA tails) that distinguish it, and it is subsequently reverse
transcribed into more stable cDNA. This cDNA can be sequenced by any NG method.
Because the sequences encode for proteins, assembly is aided by comparison to other
transcriptomes and there are far fewer repetitive regions. Many mRNAs exist in a
variety of forms because the sections of the gene can be spliced together differently
(splice variants). Transcriptome-specific assembly programs such as Roche
gsAssembler (Newbler) which aim to represent splice variants, have been developed
to deal with this (e.g. through the generation of ‘isotigs’ (Box 1) (Brautigam et al.,
2011; Grabherr et al., 2011; Wall et al., 2009)).

3.4.3

Multiplexing

Multiplexing (also known as 'multiplex identifier tags' (MID), 'barcoding' or 'tagging')
allows the mixing of samples in one sequencing lane of an NG sequencer, radically
lowering the cost of sequencing (Box 1). This technique is key to being able to use the
cheap cost per base pair of NG sequencing for projects where the number of samples

!

$+!

are in the hundreds rather than under ten. This results in the efficient use of sequencer
lanes, reagents and time.
A unique molecular tag of between 4-11 base pairs is ligated onto the fragments from
each DNA sample after fragmentation. Uniquely identified samples are then pooled
together for titration and sequencing. The tags are sequenced along with the rest of the
fragment, which enables the reads to be separated back into individual samples for
assembly (Smith et al. 2010).

All leading sequencing companies now provide

'Mulitplexing Kits' with between 12-16 unique tags per kit, although the option to
increase the number of tags up to 141 using customer-generated molecular tags is now
available. This could be a viable approach for modern systematic studies where over
100 accessions are commonplace (Andolfatto et al., 2011; Kozarewa & Turner,
2011).
The potential for this approach has been shown in a phylogenetic study of Pinus.
Cronn et al.

(2008) used long range PCR to amplify over-lapping regions of

chloroplast DNA. They tagged the fragments from each species with a unique 3bp
tag before pooling and sequencing. This technique allowed them to sequence nearly
complete plastid genomes for eight species (seven Pinus and one Picea species) in
only two Illumina sample lanes (Cronn et al., 2008). By multiplexing with slightly
longer tags (4bp), Parks et al. (2009) were able to expand their sampling to 37 species
using only two sequencing lanes.
Multiplexing can also be applied to the sequencing of shorter regions of the genome
rather than full genomes, an approach that is highly relevant to phylogenetics.
Multiplexed sequencing of nuclear regions has also been successfully used to study
diversity amongst rodents (Galan et al., 2010) and a pooled combination of
chloroplast and nuclear regions used to study Australian Poa species (Griffin et al.,
2011) (See later discussion).
Restriction-site associated DNA marker (RAD) sequencing was developed by Eric
Johnson and the company Floragenex (Baird et al., 2008). It identifies thousands of
single nucleotide polymorphisms (SNPs) in large populations by multiplexing
anonymous fragments. The DNA is cut with restriction enzymes, and RAD tags (short
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DNA sequences like ‘barcodes’ for multiplexing) are ligated to the ends of the DNA
fragments. The RAD tags enable the isolation and sequencing of the portion of these
fragments immediately flanking the restriction site and also contain a molecular tag
allowing multiplexing of different samples. This powerful and highly informative
genotyping method has been successfully used to identify QTLs (the genetic regions
that control traits) and for phylogeographic studies (Emerson et al., 2010; Hohenlohe
et al., 2010; Chutimanitsakun et al., 2011).
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3.5.1

Whole Genome Phylogenies and Analysis

Complete DNA sequences of whole genomes is available for increasing numbers of
plants and has proved very useful for phylogenetics below family level, analysis of
genome evolution and identification of new genes and promoter sequences (Abrouk et
al., 2010; Cibrián-Jaramillo and Martienssen, 2009; Li et al., 2010; Quesada et al.,
2008). Sequencing whole genomes of phylogenetically key species, such as
Amborella, as potential sister to all other Angiosperms, or Gunnera as potential sister
to core dicots, is vital for producing useful comparisons between lineages. For
example, Banks et al. (2011) analysed the genetic changes involved in the switch to
a sporophyte-dominated life cycle from comparisons between the genomes of
Physomitrella, Selaginella and seed plants. A phylogenetically balanced selection of
complete genome sequences makes assembly of each newly sequenced genome easier
(Soltis et al., 2008; Soltis, 2010). Comparative genomic analyses are useful tools for
taxonomists; the large collections of genome and transcriptome sequences annotated
in these databases could be used for large-scale phylogenomics and for the
identification of single copy, highly variable regions for use in phylogenetics (Duarte
et al., 2010; Tang et al., 2010). There are, however numerous pitfalls in comparing
genomes, in particular the issue of orthology, which are well described in Boussau
(2009).
Several web resources exist to help with comparative analyses of genome sequences.
Phytozome was set up by the U.S. Department of Energy's Joint Genome Institute and
the Center for Integrative Genomics. It provides access to twenty sequenced and
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annotated plant genomes and is a great starting point for the analysis of gene families
and determining orthology (http://www.phytozome.net). PLAZA is a resource that
has genome data for twenty-three plants, including five algae.

It has tools for

examination of synteny (Box 1), molecular evolution, and genome structure as well as
gene families (Proost et al., 2009). PlantGDB (http://www.plantgdb.org) contains
sequence data for >70,000 plant species, transcript collections for over 150 species,
16 plant genome browsers and tools for sequence analysis (Dong et al., 2005).

3.5.2

Plastid Genome Phylogenies

Plastid sequence is routinely used for phylogenetic studies due to the ease of PCR
amplification as thousands of plastid genome copies can exist in each cell (Zoschke et
al., 2007). The small size and highly conserved structure of the plastome makes its
assembly a much easier prospect than for complete nuclear genomes or
transcriptomes. Plastid genomes average about 150,000 bp, providing ample sequence
data to help resolution in phylogenetic trees, especially nodes that may represent rapid
radiations such as those evident in early angiosperm lineages (Leseberg and Duvall,
2009; Moore et al., 2010; Parks et al., 2009a; Wolf et al., 2010; Zhong et al.,
2010). The first whole plastomes were sequenced using Sanger sequencing (Shinozaki
et al., 1986) but later studies have used PCR amplification, including rolling circle
amplification, RCA, (Atherton et al., 2010) followed by 454 (Moore et al., 2007) or
Solexa sequencing (Cronn et al., 2008).

More recent studies have extracted total

DNA then directly sequenced and screened the reads for plastid sequence based on
identity with plastid sequence from DNA databases (Yang et al., 2010).
The large amount of DNA sequence data in a complete plastid sequence can help with
resolution of nodes deep in the angiosperm and seed plant phylogenetic tree. The
whole chloroplast genome sequence of Ceratophyllum demersum, obtained using the
Roche 454 platform, provided strong support for a clade of magnoliids (including
Piperales) and Chloranthaceae that is sister to monocots, eudicots and Ceratophyllum
(Moore et al., 2007). Twenty-five chloroplast genomes were sequenced in the same
manner to provide a robust phylogeny for Pentapetalae (core eudicots excluding
Gunneraceae), revealing three well supported clades: Rosidae, Vitaceae, and
Saxifragales ("superrosids"); Berberidopsidales, Santalales, Caryophyllales, and
Asteridae ("superasterids") and Dilleniaceae. Estimation of ages using phylogenetic
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dating methods suggested that this three way split occurred within about one million
years of the origin of the Pentapetalae clade (Leseberg and Duvall, 2009; Parks et al.,
2009a; Moore et al., 2010; Wolf et al., 2010; Zhong et al., 2010)
Plastid sequencing has also been used to reconstruct species level phylogenies. Pinus
is a genus of about 111 species, in which phylogenetic resolution has been
problematic presumably due to rapid radiation (Gernandt et al., 2005). Multiplexed
Illumina sequencing was used to sequence plastid DNA from 37 Pinus species (Parks
et al., 2009b). By mapping sequence reads onto a Pinus reference genome sequence
(reference-guided assembly) Parks et al. (2009b) were able to assemble nearly
complete plastomes for each species. This resulted in a phylogenetic data matrix with
nearly 60 times more phylogenetically informative characters than those previously
used, giving much better clade resolution (30/33 nodes with >95% bootstrap support),
although some nodes remained problematic. The data also allowed Parks et al. to
study the evolution of the chloroplast genome within Pinus, identifying fast evolving
regions, notably ycf1 and ycf2, which may have been subject to relaxed selection or
adaptive evolution. Subsequent phylogenetic analysis based only on ycf1 and ycf2
regions (total of 13.1Kb), resolved 77.4% of nodes with (95% bootstrap support,
which is only slightly less than all plastid genome exons combined, resolving 80% of
nodes with 95% bootstrap support.

3.5.3

Comparative Transcriptomics

Vera et al. (2008) showed that de novo sequencing of a transcriptome using the
Roche 454 platform was a viable approach for non-model organisms. This method is
becoming a widely used first step in large-scale genetic analysis of non-model
organisms (Wheat, 2010).
Comparative transcriptomics has proved invaluable in understanding key evolutionary
events. Transcriptomes have enabled the identification of parallel changes in gene
expression associated with parallel evolution of traits (e.g. self fertilisation in
Eichornia (Ness et al., 2011). Analysis of trait diversification in different lineages is
also possible. Comparisons of the vascular tissue transcriptomes from conifers and
angiosperms shows a core set of conserved vascular genes which show more diversity
in angiosperms than in conifers (Li et al., 2010). Comparison of transcriptomes from
!

%"!

diverged lineages allows inference of the ancestral gene complement. For example
comparison between the expressed genes from reproductive structures of
gymnosperms and Angiosperms provides evidence against the 'mostly male'
hypothesis of floral evolution (Tavares et al., 2010).

The sequencing of

transcriptomes from two green algae (Coleochaete and Spriogyra) reveals them to be
surprisingly similar to land plants, suggesting a relatively small number of changes
accompanied the move onto land (Timme & Delwiche, 2010).
Analysis of transcriptomes has also been used to study the genetic consequences of
hybridisation and polyploidisation (Buggs et al., 2010; Chelaifa et al., 2010a; Shi et
al., 2010; Yu et al., 2010), as well as the initial stages of adaptation to new
environments (Chelaifa et al.,

2010b; Juenger et al.,

2010).

It has allowed

approximate dating of polyploidisation events, although this is aided by whole
genome sequence where synteny can also be included in the analysis (Tang et al.,
2008; Cannon et al., 2010; Tang et al., 2010 ).

3.5.4

Non-model Genetics

The development of cheaper high throughput sequencing has been key to the
development of genetic resources for evolutionary and ecological studies in nonmodel species (Abzhanov et al., 2008; Song & Mitchell-Olds, 2011). The production
of a suite of genetic markers, phylogenies and comparative transcriptomics allows the
use of techniques previously limited to model organisms on a huge variety of species,
including those recalcitrant to laboratory or greenhouse culture (Hodges & Derieg,
2009). This has allowed many groups to build on studies that originated before the era
of model organisms. For example, Mimulus has an extensive history as a study
organism for ecology and evolution but now its use as a model for ecological genetics
is enhanced by the availability of genetic maps, genotyped inbred lines and sequence
databases (Bradshaw & Schemske, 2003; Wu et al., 2008). Similar resources and
ecological studies exist for Aquilegia and sunflower (e.g., Edelist et al.,

2009;

Kramer & Hodges, 2010; Scascitelli et al., 2010 ; Voelckel et al., 2011), for species
related to models such as Arabidopsis lyrata, Capsella rubella, Boechera stricta,
members of the Antirrhinum species complex (Anderson et al., 2011 ; Hu et al., 2010
; Schwarz-Sommer et al., 2003; Schwarz-Sommer et al., 2010 ; Slotte et al., 2010).
The further development of such resources in a wide range of species can only help
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taxonomy by enhancing our understanding of the genetics underlying species level
differences and the forces driving and maintaining diversity (Hendry et al., 2010).

3.5.5

Multi-gene Phylogenies

The vast amounts of data generated by NGS are a potential source of sequence data
for phylogenetics. Using a variety of nuclear loci may increase the resolution of the
tree as it increases the number of informative characters (Burleigh et al., 2009).
However, combining data from different loci can be problematic due to hybridisation,
introgression, retained ancestral polymorphism and incomplete lineage sorting
resulting in incongruence between gene trees, and therefore problems in inferring
species trees (Brower, 1996, Doyle 1997).
Most genes exist in multi-gene families with different members lost or duplicated in
different lineages. This leads to problems in determining orthology and in many
cases no true ortholog may exist. Picking genes to use as markers from the thousands
of sequences generated by a NG sequencing project is a crucial step and confirmation
that each is single copy and orthologous across the taxa examined can be time
consuming and expensive. (Altenhoff et al., 2010; Waterhouse et al., 2010).
In some cases, regardless of the amount of data available for phylogenetics, resolving
relationships is difficult. This is often due to within-species parameters such as the
effective population size and demographic fluctuations within populations, which
affect levels of polymorphism genome-wide, but may also reflect complex
evolutionary histories or rapid evolutionary radiations. If species are very recently
diverged, then much of the genetic variation present within a species may not be
unique to one species but common amongst a group of closely related species (i.e.
ancestral polymorphism). Presence of ancestral polymorphisms can lead to gene trees
that differ from species trees, the gene tree - species tree issue (e.g. Syring et al.,
2007). Programs have been developed with the express aim of using ancestral
polymorphism information to measure divergence times between species where
incomplete lineage sorting is operating (e.g. BEST (Liu, 2008)) and also to estimate
migration rates between divergent populations within species or between recently
diverged species (e.g. MIMAR, (Becquet & Przeworski, 2007), IMa, (Hey 2010)).
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These approaches require within-population data, which is an increasingly available
option using NGS approaches.
Comparative genomics between model species have been successfully used to derive
orthologous markers for phylogenetics (Duarte et al., 2010; Levin et al., 2009; Wu
et al., 2010) whilst other multilocus studies have used data from ESTs (Expressed
Sequence Tags, short reads from cDNA libraries) to study complicated reticulate
phylogenies (Willyard et al., 2009). Levin et al. ( 2009) used sequence from 13 loci
(5 COSII nuclear markers and 3 other loci) to generate a robust species phylogeny for
Lycium (Solanaceae). Their data included mostly introns rather than exons, which
greatly increased the number of parsimony informative characters as non-coding
introns accumulate mutations much faster than the coding exons. NGS of the
transcriptomes of two or three species per clade could produce a large number of
single copy candidate loci to be screened for substitution rate, ease of amplification,
and position of introns in the rest of the group under study. If there is no closely
related reference genome from which to annotate the transcriptome with likely intron
positions, a low coverage draft genome sequence of a single species could be used.
Mapping the position of introns would allow the design of primers on the flanking
exons.
NGS has been used directly to generate a multi-locus phylogeny for 10 species based
on 553 genes (Hittinger et al., 2010). This study was on mosquitos but a similar
approach could be used for plants. Hittinger et al. (2010) assembled between 10,000
and 25,000 contigs of over 100 bp for each species based on RNA extracted from
eggs. Many genes will be expressed in only a subset of the species, or will be
duplicated in some lineages. To filter these out, they selected sequences that matched
a single contig in each of the nine species and were present in the Anophele aegypti
reference transcriptome. Aligning these created a data matrix of 553 genes with,
389,364 nucleotide characters. Maximum likelihood and Bayesian analysis produced
trees with strong support for clades that had previously been only weakly supported.
By comparing the single gene phylogenies, they found some evidence that
introgression may have occurred within some species complexes. By successively
reducing the number of reads they analysed, they showed that 3 million reads of 36 bp
long per species would be sufficient to resolve their phylogeny.
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Many Angiosperm species are polyploid or have polyploidy events in their lineage
and hybridisation is also common Riesberg and Willis (2007). This causes particular
problems for phylogenetics due to the difficulties of resolving the origin of each
paralog. Griffin et al., (2011) present a method by which they have been able to
analyse the phylogenetic structure of a group of Australian Poa, a notoriously difficult
genus with extensive genome duplications and species hybridisations. Using PCR
they amplified three chloroplast and two nuclear genes from each of 61 specimens
from 11 species. The PCR products were pooled by individual and a unique sequence
tag (barcode) ligated to enable identification. The barcoded fragments were combined
and sequenced together using up only a quarterof a plate of a 454 sequencing run to
generate 121,000 reads in total. The Galaxy bioinformatics pipeline (see below,
(Kosakovsky Pond et al., 2009) was used to analyse the data and de-convolute it into
sequences per individual. From these individual pools, separate homeologs (pairs of
loci from duplicated genomes) could be clearly identified and the phylogenetic
structure analysed.

There was incongruence between the nuclear and plastid

phylogenies and between the phylogenies of the two nuclear genes suggesting
extensive hybridisation. Re-examination of the taxonomy of their study group was
recommended.

3.5.6

Designing Population-level Markers

The large amounts of sequence generated on NGS platforms can be mined for
microsatellites. Microsatellites are regions with repeats of either a single base pair or
a two or three base pair motif. The number of repeats tends to be highly polymorphic
within and between species. Traditional methods for the generation of microsatellite
markers are labour intensive and expensive (Squirrell & Hollingsworth, 2003). The
thousands of contigs generated from a next-generation sequencing run can be
screened for microsatellites by a range of web-based or stand-alone programs (e.g.
SSR primer, (Jewell et al., 2006), QDD (Meglecz et al., 2010), msatCommander;
reviewed by Leclercq et al., (2007)). Libraries enriched for repeats can be used
(Santana et al., 2009), or the whole genomic sequence can be used directly(Csencsics
et al., 2010), or transcriptome sequence (Mikheyev et al., 2010; Parchman et al.,
2010). Transcriptome sequences have the advantage that the microsatellites are more
likely to be successful across a range of closely related species because flanking
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primer sequences in transcribed regions are generally more conserved (Vendramin,
2007).
Genotyping hundreds of individuals for hundreds of single nucleotide polymorphisms
(SNPs, Box 1) has become increasingly affordable as new technologies are
developed. Initiallybulk SNP genotyping was used in crops and their relatives but
they are increasingly applied to non-model plants, and ecological or evolutionary
studies as well (for example: Grattapaglia et al., 2011; Keller et al., 2010; Appleby
et al., 2009; Garvin et al., 2010; Giancola et al., 2006; and many others). A recent
supplement of Molecular Ecology Resources discusses their use and presents several
examples (Mol. Ecol. Resouces supplement March 2011). Although most of the
examples are in fish, the techniques are applicable to plants as is shown by a paper
identifying SNPs in Populus (Geraldes et al., 2011). In many of these cases SNPs
have been identified from NGS, usually of transcriptomes in order to reduce the
problems that repetitive sequences pose (Slate et al., 2009; Tautz, 2010).
Error rates are clearly a problem when identifying SNPs so the coverage must be
great enough to minimise such sequencing errors and experimental strategy must take
account of the type of errors generated by each NGS technology (Glenn, 2011; Suzuki
et al., 2011, Table 1). Many bioinformatic pipelines for SNP annotation have been
developed (reviewed in (Nielsen et al., 2011), Box1). Given the increased resolution
possible from the huge number of loci scored, it is likely that SNPs will replace
microsatellites as the main method for studying genetic structure of populations and
closely related species in some circumstances (Seeb et al., 2011).

3.5.7

Barcoding

Many groups have tried to identify a single barcoding region for plants - a short
genetic marker capable of diagnosing individual species - considering chloroplast and
nuclear regions (reviewed in (Hollingsworth et al., 2011)). The Plant Working Group
of the Consortium for the Barcode of Life (2009) used a large and diverse dataset and
considered ease of sequencing, sequence quality and discriminatory power but no
single region was identified as sufficient. A compromise of two chloroplast regions
was arrived at, rbcL and matK. rbcL amplifies well and gives good quality sequence
but its discriminatory power is low, especially at species level, whereas matK has
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problems in amplification from some groups, particularly outside angiosperms but has
better discriminatory power (Plant Working Group 2009). These problems are being
addressed by a number of groups and the Plant Working Group will review the
success of the bi-partite barcode in late 2011.
So far DNA barcoding has proven of particular utility in taxonomic groups where
identification has been difficult due to a lack of easily identifiable traits, such as
bryophytes (Bell et al., 2011; Miwa et al., 2009) and grasses (Ragupathy et al.,
2009). It has also proven useful for identification of small or partial specimens, for
example fern gametophytes (de Groot et al., 2011) and roots (Kesanakurti et al.,
2011). Several papers have been published in the last couple of years demonstrating
the utility of barcoding for identifying plants or plant fragments in order to control
trafficking or fraud (Bruni et al., 2010; Guo et al., 2010; Muellner et al., 2011) - see
Hollingsworth (2011) for a review. However, barcoding has difficulty discriminating
species within recent radiations or in species groups with extensive hybridisation as
has been shown for oaks (Piredda et al., 2011) and Berberis (Roy et al., 2010)
because in these cases matK and rbcL are unlikely to provide species specific
markers.
The additional contribution that barcoding can make to taxonomy and phylogenetics
has been much debated (Chase et al., 2005; DeSalle et al., 2005; Hajibabaei et al.,
2007) but barcoding has proved useful in studying the phylogenetics of communities.
Large-scale DNA barcoding has been used to study community phylogenetic structure
of forest trees in Panama and in the Amazon (Gonzalez et al., 2009; Kress et al.,
2009; Kress et al., 2010). Both these studies found that the current plant DNA
barcodes were sufficient to identify the majority of species in local rain forest
communities but more data would be required to distinguish species in recently
radiated groups.
Another growing use of barcoding approaches is in large-scale ecological surveys.
Metagenomic approaches (bulk analysis of mixed DNA samples) could be used to
survey pooled DNA from all the juvenile trees to compare to all the adult trees in a
region, or for a seed bank survey, or to identify pollen at different sites. Sønstebø et
al., (2010) used a short section of the chloroplast genome, (the P6 loop of the trnL
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(UAA) intron) to identify plant remains from permafrost samples dating back to the
late Quaternary. Total DNA was prepared from the samples and the P6 loop in the
trnL locus amplified by PCR. The PCR samples were sequenced on a 454 machine,
clustered into taxonomic units, and these sequences were compared to a database of
842 trnL sequences from widespread arctic plants. Approximately three quarters of
the plant sequences obtained from the permafrost cores were able to be identified to
genera, with a third of these to species level (Sønstebø et al., 2010). Kesanakurti et
al., (2011) had even greater level of success with species-level identification using
rbcL to identify to species 85% of 1531 root samples from soil transects in an old
field in Ontario. The high level of species identification was no doubt helped by their
ability to use a barcode reference library for the local flora for direct comparisions.

3.5.8

Species Delimitation

Much of the dismay shown by some taxonomists at DNA barcoding was over the
potential use of this kind of data to define species (Moritz and Cicero, 2004; Will and
Rubinoff, 2004, and many others). A single DNA sequence is a poor peg to hang a
species definition on and even using a number of sequences to define a species is
problematic due to issues of ancestral polymorphism, introgression and paralogy
(Boussau, 2009; Moritz and Cicero, 2004). However, DNA sequence data can
contribute to hypotheses of species boundaries.
A developing view of species as metapopulations forming (mostly) discrete clusters in
phenotypic or genotypic space (De Queiroz, 2007; Hart, 2010; Sobel et al., 2010) has
encouraged and been encouraged by the possibilities of large scale genotyping (for
example Abdelaziz et al., 2011; Barrett and Freudenstein, 2011; Leavitt et al., 2011;
Meudt et al., 2009; Monaghan et al., 2009; Reeves and Richards, 2011; Wilson and
Hudson, 2011) to investigate species delimitation problems. Many of these studies
integrate molecular with morphological and ecological data and are not dependent on
next generation sequencing for molecular data. Most use AFLPs and a combination
of chloroplast and nuclear markers. However, the concepts and methods used are
likely to be increasingly applied to the large datasets possible from NG approaches
such as RAD genotyping or multiplexed samples sequenced for multiple loci.
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NGS is expensive to set up and run and so far has mainly been the province of
companies and large public institutions rather than equipment maintained by
individual labs. Most taxonomic laboratories are unlikely to have the resources to
purchase or run these systems, but recent technical developments are trying to change
this, for example, Illumina are now marketing a 'bench top' NG sequencer - the MiSeq
personal sequencing system (http://www.illumina.com). The MiSeq is a stand-alone
sequencer, capable of sequencing >6.8 million paired-end (150 bp) reads in 27 hours,
without the need to purchase additional specialist equipment (such as PCR machines
capable of emulsion PCR). With the cost of purchasing these machines well below
£100,000, many laboratories are now incorporating these costs into funding
applications. We predict that with the falling costs of NG sequencers, they will soon
become commonplace in large labs. However, the economies of scale and
opportunities to use the most recent technologies will always be in outsourcing the
sequencing. A list of NGS providers is maintained at SeqAnswers, a tremendous
resource

for

both

experts

and

beginners

in

dealing

with

NG

data

(http://seqanswers.com) and a very useful review of commercially available NGS
technologies is provided by Glenn (2011).
Next-generation Sequencing can now produce up to 300 Gigabases of data per run,
(SOLID 4 system, http://www.lifetechnologies.com/home.html (August 2011)). This
makes unprecedented demands on data storage, data management, quality control and
analysis. The software tools available for assembling and analysing NGS data are
being developed at an enormous speed, although their development is still catching up
with the continual advancement of the technology. One of the main concerns for
taxonomists considering an NGS approach is whether standardised protocols for data
storage and analysis will be developed, or whether taxonomists need to expand their
skill set to include bioinformatics in order to understand, customize and even develop
their own software programs.
There are already many 'off-the-shelf' sequence analysis programs for data assembly
freely available, (a continually updated and alarmingly long list, is the 'Bioinformatics
for

Next

Generation

Sequencing'

virtual

issue

found

at

http://www.oxfordjournals.org/our_journals/bioinformatics/nextgenerationsequencing

!

&*!

.html). A good understanding of the data type (i.e. output from the sequencing
platforms, experimental set-up such as multiplexing, paired-end reads, RAD
sequencing, de novo assembly), together with quality control is often essential to
implement these programs correctly. Whether taxonomists choose to develop the
relevant skills necessary to correctly interpret these data sets is a personal choice and
many sequencing facilities now combine NGS with some bioinformatics support,
though at a cost.
If taxonomists wish to take on the exciting challenge of running their own sequence
assembly and analysis, then clear, standardised bioinformatic pipelines would be
hugely beneficial to process raw sequence reads from many different platforms, to
compile multiple sequence alignments and to run phylogenetic analyses. There are
many stand-alone programs that complete various aspects of NGS assembly,
alignment and analysis, but each requires some level of manual input, assessment and
adjustment.
Currently, much effort is being expended for building user-friendly interfaces that
allow seamless movement of NGS data from one stage of analysis to the next, along
with compatibility between datasets generated on different platforms. There are now a
number of these software suites available including Galaxy, Geneious and CLC Bio
(Blankenberg et al., 2010; Drummond, 2010), http://www.clcbio.com). Which one to
use will depend on cost (Geneious and CLC bio are not free), and on the range of
applications offered by each. These are constantly changing as new applications are
developed for each system and support can be found at online forums specific for
each pipeline and at SeqAnswers (http://seqanswers.com).

Most existing

bioinformatic pipelines for sequence analysis avoid computationally intensive
methods such as multiple alignments and phylogenetic analyses that are vital for
taxonomic application of the data, although Geneious has a wide range of alignment
and phylogenetic plug-ins, which enables the user to customise the functionality of an
application. A pipeline developed specifically for taxonomic work is W.A.T.E.R.S
(Workflow for the Alignment, Taxonomy, and Ecology of Ribosomal Sequences).
However, this pipeline can only be used after sequence assembly and is aimed solely
at the phylogenetic analysis of rRNA gene sequences in microorganisms (Hartman et
al., 2010).
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Evopipes.net (http://evopipes.net/) is a collection of programs useful for processing
and analysing NG sequence for evolutionary studies (Barker et al., 2010) This is an
excellent example of research groups making the software developed for their own
analyses freely available to the research community in an easy-to-use fashion. The
suite includes programs to clean and assemble NGS datasets, identify orthologs,
translate transcriptome sequence from DNA to proteins, and study the evolution of
gene families.
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Taxonomy face an enormous challenge in the face of the rapid erosion of biodiversity
faster (Lughadha et al., 2005). The loss of taxonomic expertise from the educational
system is also a concern (House of Lords Report, 2008). Current technologies have
much to offer in increasing the resolution of phylogenies and providing more
information on gene flow and species limits. As taxonomy does not always attract the
funds that some other areas of science do, the utility of NG methods will depend on
how low the costs can fall and how accessible new sequencing techniques will be.

3.7.1

What Technological Advances Are Likely In The Next 10 Years?

The most promising of the new sequencing technologies for taxonomic applications
are single molecule techniques, know as 3rd Generation sequencing. These
technologies have the advantages of small sample sizes, simple preparation and very
long reads, thereby needing little assembly, but the reads obtained from these
platforms are still highly error prone (Glenn 2011). Single molecule sequencing is
cheaper than 454 and Illumina partly because it does not amplify the DNA first
(amplification uses a vast amount of high quality polymerase). However, like the
earlier NGS methods they rely on expensive dyes and complex light detectors and
therefore require extensive computer power to store the image data and to resolve the
sequences.
Ion Torrent (now part of Life Technologies, the provider of the SOLiD platform) has
developed sequencing that is not dependent on fluorescent images (Rothberg et al.,
2011). The sequencing reactions take place on a semiconductor. The addition of
each nucleotide as different dNTPs are sequentially washed over the chip, resulting in
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the release of a hydrogen ion. This change of charge is detected by the semiconductor
and processed directly into memory. This approach is significantly cheaper in initial
costs (machines are priced at $50,000) and in running costs (approx $500 per run of
100 Megabases). Sequence lengths are currently 100bp and run time under two hours
(Pennisi, 2010). The technology is not yet fully commercially available but
publications based on it have come out in 2011 (Holger et al. 2011; Mellmann et al.
2011; Miller et al. 2011). Although this technology does not produce the huge
amount of data per run that some current NGS methods do, it seems well suited to
taxonomic requirements.
Nanopore/nanotubule methods are a radically different method of DNA sequencing
that scan the sequence of a DNA molecule as it passes through a stationary pore,
removing any need for synthesis or amplification (Branton et al. 20008, Box 1).
Although many difficulties remain to be overcome, nanopore sequencing seems a
strong contender in the long term for cheap, robust, high-speed sequencing (Timp et
al., 2010). Nanopore sequencing does away with the need for sensitive light detectors
and the semiconductor method has the added advantage of the data feeding directly
into the computer memory, further reducing hardware costs making it likely that
sequencing will continue to become significantly cheaper over the next five years.
Will NG sequencing become as commonplace a technique as PCR? Already some
DNA sequencing machines are as small as microwave ovens but they still require
delicate handling, e.g. very clean plates for laser to read through. New technologies
have the potential to change this. Prospects of $1,000 genomes (for resequencing) are
excellent, with this target expected to be reached or surpassed in the next few years.
In February 2010 Pacific Biosciences claimed they would be able to offer human
genome sequencing in 15 minutes for less than $1000 by 2013, and several other
companies are predicting similar breakthroughs around the same time. Due to the
relatively large size of the human genome, the technology that can sequence a human
genome for $1,000 can sequence an Arabidopsis genome for <$100. These are costs
of re-sequencing, not de novo. De novo sequencing would require much greater depth
of coverage at correspondingly greater expense but would still make the sequencing
of a representative draft genome for all 413 angiosperm families a feasible large-scale
project. Even with current costs, the BGI (previously the Beijing Genomics Institue)
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have committed to generating reference genomes for 1000 plants and animals of
commercial

and

scientific

interest

within

the

next

two

years,

(http://ldl.genomics.org.cn). Although sequencing costs are likely to fall to levels at
which genome sequencing of a representative of any genus under revision could be
routine, the time needed for assembly, annotation and analysis of such data is unlikely
to fall as fast (Zhang et al., 2011).
Even though sequencing costs are falling, there are other technical obstacles to the
routine application of NGS in taxonomy. Protocols for DNA extraction and isolation
of plastids or mitochondria could be improved and streamlined. Improvement in
multiplexing methods could reduce costs per sample sufficiently for NGS to be an
option for all phylogenetic studies, but are currently technically complex and
expensive. Bioinformatics to deal with the huge amounts of data and manage de novo
assemblies is a problematic bottleneck (McPherson, 2009).

A combination of

improvements in software and increasing numbers of bioinformaticians trained in
dealing with non-model species will help realize the true potential for NGS in
taxonomy.

3.7.2

What Will Cheap Sequencing Mean For Taxonomy?

Cheap sequencing is set to change many branches of biology. The ability to scan
whole genomes for variation associated with disease susceptibility, or to compare
microbial populations of different habitats without culturing, changes not only the
experimental methods used, but also the type of questions that are answerable. To
what extent will these changes extend to systematics?
Comparative genomic studies will certainly become more common, increasing our
ability to detect the role of genome instability, introgression and lateral transfer in
evolution. This may help in the interpretation of phylogenies by explaining the
processes that have caused some nodes to be hard to resolve (e.g. Griffin et al.,
(2011), Wang et al., (2010), Parks et al., (2009b).
Genome scans on densely sampled meta populations will provide vast amounts of
information from which it may be possible to study the evolutionary history of a
species in much greater detail than previously (e.g. Myles et al., (2011), Zeng et al.,
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(2010); reviewed in Stapley et al., (2010). Even if sequencing becomes significantly
cheaper than current predictions it may not be possible to do an in depth genetic
analysis of all the taxa under consideration routinely. However, with good statistical
support the extra data will be a useful guide when morphological species delimitation
is challenging
Techniques for reliable isolation of good quality DNA from herbarium specimens are
being developed (http://www.synthesys.info/II_JRA_4.htm), which opens the door for
herbaria to set up to DNA banks of extracted genomic DNA for both new accessions
and older specimens in their collections. Multiplexing provides a method by which
NG sequencing could be used to bulk sequence these collections. This will open up a
huge resource for biogeography, conservation and phylogenetics. Phylogenetic
analysis of DNA sequence data from organisms sampled on an ecosystem scale helps
to reveal the phylogenetic composition of diversity, an important consideration in
conservation decisions (King, 2009).
Although thousands of species and individuals will have their complete genomes or
transcriptomes sequenced over the next few years, routine use of NGS in systematics
is unlikely to result in many whole genome phylogenies. It may result in increasing
numbers of phylogenies based on whole chloroplast genomes, or many nuclear loci
and cheaper, multiplexed multiple locus barcodes which can be related to
environmental survey databases. However, NGS provides the opportunity to describe
organisms in incredible genetic detail. This is bound to affect both the theories and
practice of taxonomy, as it provides so much data to test hypotheses of species
boundaries and evolution. The data that taxonomists already collect and analyse on
the morphological and ecological variation within and between species can be
combined with the genetic data to reveal patterns behind natural diversity. Currently,
we are accumulating such data for a limited number of 'non-model models'
(Abzhanov et al., 2008) but in the future these kind of detailed case studies will be
much more common and will provide a valuable testing ground for evolutionary
theories.
Phylogeny, description and identification are the three main facets of taxonomy
(Godfray & Knapp, 2004). Each of these facets can benefit from the new sequencing
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techniques being developed.

In recent years taxonomy has focused strongly on

phylogenetics, but the opportunities to study gene flow and define species boundaries
genetically as well as morphologically may increase emphasis on description as well
as collaboration with population geneticists and ecologists. The development of
barcoding as a standard technique will change the methodology of some large-scale
identification work. Any technique that provides more information, cheaper and
faster, will always be useful in the race to describe the Earth's biodiversity before
more species are lost. Taxonomists have much to gain by adding these resources and
methods to their arsenal.
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4
Chapter 4. Begonia chloroplast genome sequencing using Nextgeneration sequencing.

4.1

Introduction

The phylogenetic analyses based on the ITS region and trnL intron yielded poorly
resolved phylogenies and thus very little insight into the classification and evolution
of Begonia sect. Gireoudia (Chapter 2). Typically, during phylogenetic studies such
as those presented in chapter 2, the standard option would be to persist with and add
to the study other previously identified markers in the hope that they will provide
some meaningful resolution between species, however with the advent of new
sequencing technologies (described in chapter 3) a novel approach was designed
employing a large-scale sequencing effort to address the problem of the poor
resolution in this group of Begonia species that are predicted to have undergone rapid
radiation (Goodall-Copestake et al. 2010).

To fully understand the evolutionary relationships amongst Begonia species, it would
be necessary to study the full genomic complement of the species. The genomic
complement of plants consist of three distinct genomes; mitochondria, chloroplast and
nuclear genomes. Ideally, it would be preferable to study each individual genome
within each species, however this would have been beyond the scope of this project
both in terms of time and expense, especially with the assembly and annotation of a
nuclear genome, with measured genome size 1C values of 0.60 pg and 0.63 pg for B.
conchifolia and B. plebeja (Brennan et al. 2012) which is predicted to be between
592.2-616.14 Mb in size based on 1 pg being equivalent to 978 Mb (Vaughn et al.
1995; Dolezel et al. 2003). A contribution towards this goal would be the study of a
more tractable system that would yield meaningful results in a comparatively small
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amount of time (i.e within the timespan dedicated to a doctoral thesis), and as such,
consideration of both the mitochondrial and chloroplast genomes were undertaken.
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Both the chloroplast and the mitochondria are energy-producing organelles and are
considered to be the result of separate endosymbiotic events whereby approximately
more than one billion years ago, useful bacteria were acquired and internalised by a
cell. From this beginning, true symbiotic relationships were formed to the extent that
organelles have relinquished genes to the host, and the host in return provides the
essential proteins back into the organelle (Archibald 2009; Howe et al. 2003).
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The plant mitochondrial genome is a highly dynamic entity. Within one plant family,
the Cucurbitaceae, the mitochondria has been discovered to have dramatic variations
in size from 379 kb in watermelon (Citrullus lanatus) to 2.9 Mb in muskmelon
(Cucumis melo) (Alverson et al. 2010). Although factors responsible for increasing
genome sizes are still unclear, it is apparent that repetitive DNA and integrated
chloroplast sequences contribute to the large differences in size that are seen between
closely related species. The liverwort, Marchantia polymorpha was the first
mitochondrial plant genome to be fully sequenced by Oda et al, (1992), and
discoveries found in this genome proved to hold true for most mitochondrial genome
sequences that were subsequently produced. Oda et al, reported 40 protein-coding
genes, numerous introns and an incomplete set of tRNAs (Oda et al. 1992). The
frequent incorporation of foreign DNA such as chloroplast and nuclear DNA via
intracellular transfer (Stern & Lonsdale 1982; Schuster & Brennicke 1987) coupled
with the discovery of fungal and viral DNA via horizontal transfer, (Vaughn et al.
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1995; Goremykin et al. 2012) illustrates the highly dynamic nature of this genome. As
of August 2012, there are 69 complete [plant?] mitochondrial genomes in Genbank.
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The chloroplast genome is circular in structure with a typical size of between 120 –
160 kb and has a quadripartite configuration (Khan et al. 2010; Wicke et al. 2011).
This configuration is broken down into four components termed; the large single copy
(LSC), the small single copy (SSC) and two inverted repeats (IRa and IRb). Most
plant chloroplast genomes have these components, however there are a few lineages
that differ in this respect, one well-studied example is in the legumes which has lost
one of the inverted repeats, this group of legumes are referred to as the inverted
repeat-lacking clade (IRLC), (Palmer 1985; Wojciechowski & Sanderson 2000). The
loss of the inverted repeat in this clade provides a phylogenetically informative
character that provided the first structural molecular synapomorphy, and all
subsequent studies using different types of data have consistently supported the
monophyly of this clade. (Wojciechowski & Sanderson 2000; Wojciechowski &
Lavin 2004). Other losses seem mostly restricted to gymnosperms such as conifers
(Strauss et al. 1988) although some angiosperms exhibit altered chloroplast genome
structure. One such example is the chloroplast genome of Pelargonium x hortorum
whose genome is 217.9 kb, 40% bigger than typical chloroplast genomes. The large
size is due to extreme expansion in the size of the inverted repeats, where the size of
each IR is 75.7 kb, this is in contrast to the expected IR size which is normally
between 10-30 kb, however based on current data, this genome size is an exception,
(Chumley et al. 2006). The other type of common chloroplast genome alteration is the
reduction of genome size via the loss of genes either to the nuclear or mitochondrial
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genomes, or through mutation leading to pseudogenes, the former is especially true of
parasitic and hemiparasitic plants such as those belonging to the broomrape family,
Orobanchaceae. Wolfe et al, (1992), sequenced the chloroplast genome of the
holoparasitic plant Epifagus virginin (a plant completely dependent on another plant
for its survival as it lacks chlorophyll), and discovered it lacked all the photosynthetic
and chlororespiration genes that are normally present in land plants. As such, the
genome size (70 kb) is massively reduced to approximately half the size of a typical
chloroplast genome, (Wolfe et al. 1992). Since the first chloroplast genome was
sequenced, that of Nicotiana tabacum, (Shinozaki et al. 1986), there have been a total
of 285 whole chloroplast genome sequences submitted to Genbank as of August 2012.

Many comparative studies have now taken place between chloroplasts and
mitochondria from plants, and it has been revealed that the mitochondrial genome is
highly dynamic with many rearrangements and inversions, but with stringent
sequence preservation and does in general have the lowest silent substitution rate
between all the plant genomes (Wolfe et al. 1987). Whilst conversely, the chloroplast
genome is less conserved with regards to DNA sequence but is more stable with
regards to gene synteny and genome size and structure. Perhaps a more telling aspect
of the cumbersome and unwieldy nature of the mitochondrial genome is the actual
number of sequenced genomes in comparison to chloroplast genomes, 69 compared to
285 respectively. Based on this assessment, it was concluded that a more successful
outcome would be most likely if the focus of the remainder of this study was placed
on the chloroplast genome.
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The aim of the research presented in this chapter was to sequence sixteen Begonia
chloroplast genomes using the Illumina GAIIx genome analyser in order to identify
informative genomic regions that may be used to resolve phylogenetic relationships at
low taxonomic levels in American Begonia species.

The circular chloroplast genome was chosen for this type of study owing not only to
its relatively small genome size, typically between 140 – 200 Kb, but also to the
highly conserved and syntenic nature of this genome, a product of its nonrecombining properties. The proposed study involved chloroplast genome sequencing
and the attributes of the chloroplast genome makes the possibility of de novo genome
assembly a much easier prospect than that for complete nuclear genomes or
mitochondrial genomes (see Chapter 3 for an in-depth discussion on genome
sequencing). Many phylogenetic studies have successfully employed the use of loci
from chloroplast genomes with many markers developed in one species being highly
transferable across the whole angiosperms (Small et al. 2005; Small et al. 1998; Shaw
et al. 2005; Shaw et al. 2007).

The lack of a reference chloroplast genome sequence for Begonia led to the
development of a method utilising sequence from conserved angiosperm chloroplast
genome sequences together with long-range PCR in order to generate the sampling
material for the Begonia chloroplast genome sequences. Eighteen overlapping longrange PCR amplicons for each Begonia species were used in a multiplexed
sequencing reaction on an Illumina GAIIx. Chloroplast sequence reads were
assembled de novo, with contig validity assessed against the chloroplast genome
sequence of Cucumis sativus.
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To sequence a chloroplast genome de novo, it was recommended that there should be
at least twenty fold coverage (i.e the number of times a particular sequence is seen),
(Mark Blaxter, pers. com). Sequencing only one chloroplast genome on the Illumina
genome analyzer would yield fifteen thousand times coverage, which is unnecessary
and would waste resources. Using a method of attaching a unique DNA index tag to
each cpDNA sample and then pooling this tagged cpDNA, allows 16 chloroplast
genomes to be captured in one run thereby making efficient use of sequencing
reagents, flow cell space and time, (Parameswaran et al. 2007). This method would
result in up to 100 fold coverage of 16 chloroplast genomes in one run on an illumina
GAIIx sequencer.

It was envisaged that the creation of such a dataset would allow better resolution of
relationships within sect. Gireoudia and between closely related species, providing a
strongly supported phylogenetic tree. The inclusion of chloroplast genomes from
African and Asian Begonias as outgroups, meant a comparative study could be
undertaken to gain new insights into the rates of evolution of different chloroplast
regions, gene order, lineage-specific patterns and factors influencing genome-scale
phylogenetic inference. However, the main purpose of this dataset is to enable the
identification of appropriate informative loci for phylogenetic studies in Begonia at
species-level to investigate the evolutionary relationships amongst taxa in section
Gireoudia and closely related species.

Funds for this experiment were obtained from the RBGE small funds project and
through the research and development budget for ‘The Genepool’ sequencing facility.
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4.2

Materials and Methods
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A number of methods were tested in the pursuit of chloroplast DNA that was free
from high levels of nuclear DNA contamination, see section 4.2.
For each method, the purity of cpDNA was assessed using restriction enzyme digest
and if successful, then subsequent cloning into an appropriate vector followed by
Sanger sequencing, all cloning and Sanger sequencing was performed at ‘The
Genepool’ sequencing facility, Edinburgh.
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To isolate chloroplast organelles, approximately 30 grams of fresh leaf material was
required. Previous to harvesting Begonia leaf material, the plants were kept in the
dark for 24 hours. This was necessary to reduce the starch content of the cells as this
would disrupt the chloroplast membrane during centrifugation and subsequently lead
to a loss of intact chloroplasts. Chloroplasts were then isolated using a chloroplast
isolation kit following the manufacturers instructions, (Sigma Cat. No. CP-ISO).

4.2.2.1 Chloroplast DNA Extraction

Chloroplast DNA (cpDNA) was isolated from intact chloroplasts using the Qiagen
DNeasy Tissue Kit (Cat No. 69504). 200!l of intact chloroplasts were used as starting
material and the protocol was started from step 7, page 25 in the Qiagen DNeasy
handbook. The cpDNA was eluted in 1 x 50!l sterile distilled water and stored at 20ºC.
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4.2.2.2 Chloroplast Genome Amplification

The cpDNA was amplified using the Qiagen REPLI-g Mini Kit for whole genome
amplification (Cat No. 150023). The protocol for amplification of purified genomic
DNA was followed using 5!l of cpDNA for the DNA template (page 10, Qiagen
REPLI-g mini kit handbook). 5!l of amplified cpDNA was subjected to 0.7% agarose
gel electrophoresis in TBE buffer to check the amplification protocol had worked and
also the concentration of the product.
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Chloroplasts were isolated using Sigma isolation kit (Sigma Cat. No. CP-ISO) with
the following changes to the manufacturers protocols:
Step 1. In a 50ml Falcon tube, use a 40/80% percol gradient - Layer 10ml of 40%
percol on top of 5ml of 80% percol and apply cp solution. Step 2. Spin samples for 15
minutes @ 3,200g. Step 3. Remove interface and split into 2 x 50ml tubes
(approximately 6ml per tube) and make to 40 ml total volume with: Tube A: 1X CIB
(No BSA); Tube B: STE Buffer (No ß-Mercaptoethanol & no BSA). Step 4. Spin @
1,700g, 3 minutes. Step 5. Remove supernatant. Step 6. Repeat wash with the same
wash buffers used in step 3. Step 7. Resuspend both pellets in 1 x CIB and -20˚C.
4.2.3.1 Rolling Circle Amplification using Phi29

The RepliPHI Phi29 reagent set, Cat. No. RH040210 (Cambio) contains Phi29 DNA
polymerase. Phi29 exhibits exceptional strand displacement activity and contains 3’5’ exonuclease activity that enables proofreading capability. Phi29 has been show to
amplify circular DNA (Nelson et al, 2002).
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The rolling circle amplification method was set up using the following reagents and
conditions: Template DNA 1 !l, Mixed Primers (10 !M) 1 !l, Phi29 10x Buffer 2 !l,
Phi29 DNA polymerase, dNTPs (4mM) 2 !l, Deionized Water to 20 !l.
The sample is mixed by gentle pipetting and incubated at 30 °C for 16 hrs. The
polymerase was inactivated by incubation at 65 °C for 10 mins.

4.2.3.2 Restriction Enzyme digestion to determine purity of cpDNA.

Potential chloroplast DNA isolations, rolling circle amplification (RCA) products and
PCR products were subjected to restriction enzyme digestion with a common 6 bp
cutter, to check for banding patterns.

The restriction digest was set up using the following reagents and temperature
conditions: PCR Product/ DNA 10 !l, 10 x Buffer H 1.5 !l, Sterile water 2.5 !l,
EcoRI restriction enzyme 1 !l; to make a total volume of 15 !l. The digest was
incubated at 37oC for 2 hours. Samples were then subjected to gel electrophoresis
(chapter 2.2.3).
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4.2.4.1 DNA Extraction

Silica dried plant material (approximately 20mg) was disrupted using a Qiagen
Tissuelyser system then total genomic DNA was extracted using Qiagen DNeasy
Tissue Kit (Cat No. 69504) following manufacturers recommendations. Total
genomic DNA was eluted in 2 x 50!l sterile distilled water and stored at -20°C.
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4.2.4.2 Long-range Polymerase Chain Reaction (LR-PCR)

LR-PCR was carried out in 25!l reactions containing: approx 20ng genomic DNA, 1x
LongAmp PCR buffer (New England Biolabs, M0323G), 300!M dNTP, 0.4 !M of
each primer, 2.5 units of LongAmp Taq DNA polymerase, Nuclease-free water to 25
!l. PCR amplification involved an initial denaturing step of 94 °C for 30 s, (94 °C for
10 s, 50 °C for 30 s, 65 °C for 9 mins) for 45 cycles, and a final extension period of
65 °C for 10 mins followed by a 4 °C hold. All reactions were carried out in a MJ
Research PTC100 thermocycler.
PCR products were electrophoresed on 0.7% agarose gels, in 0.5 X Tris boric acid
EDTA (TBE) buffer supplemented with ethidium bromide at a final concentration of
0.5µg/ml, and visualized in a transilluminator GelDoc system under ultraviolet light
to confirm presence of PCR products.
The DNA size standards used was HyperLadder™ I, size 100bp - 10Kb (Bio-33025).

Table 4.1. Reagent Mix for Long-range PCR
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Table 4.2. Thermocycling conditions for Long-range PCR
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The draft sequence of B. peltata from aligned contigs and additional Sanger
sequencing was used as a reference to map each set of assembled contigs for all
sixteen Begonia species (including B. peltata). Chloroplast genome contigs were
aligned using the MAFFT v6.717 (Multiple Alignment using Fast Fourier Transform)
(Katoh & Toh 2008) applying the iterative refinement method (FFT-NS-i) and using
default parameter settings (gap opening penality: 1.53, offset-value: 0.0) and then
visually inspected and manually adjusted in the software program Geneious.
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The Begonia chloroplast alignment was partitioned into the small single copy (SSC),
large single copy (LSC) and inverted repeat (IR) regions after consideration of the
common boundaries (Golding et al, 1996; Yukawa et al, 2006) and visualization of
the discrepancies found in the alignment itself (discrepancies seemed to be a
contained in the regions predicted to span the junctions of the inverted repeats).
4.2.5.2 Modeltest and Maximum Likelihood Analysis

The program Modeltest (Posada & Crandall 1998) was used to test models of
evolution on the chloroplast genome alignment for Maximum likelihood analyses.
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The molecular substitution model chosen for the chloroplast genome alignment was
GTR+I+G as selected by the AIC.

4.2.5.3 MrModelTest and Bayesian Analysis

The program MrModeltest 2.2 (Nylander 2004) was used to test models of evolution
on the chloroplast genome alignment for Bayesian Inference analyses. The molecular
substitution model chosen for the chloroplast genome alignment was GTR+I+G
selected by the AIC.

4.2.5.4 Support Values

For the Bayesian analyses, a 90% posterior probability (PP) lower threshold was
considered to indicate moderate support and a 95% lower threshold to indicate well
supported relationships. For the MP and ML analyses, a 70% bootstrap support value
lower threshold was considered to indicate moderate support, and an 85% lower
threshold to indicate well-supported relationships.

4.2.5.5 Maximum parsimony

The aligned chloroplast DNA matrix for sixteen Begonia species was subjected to
parsimony analysis in PAUP 4.0b10 (Swofford 2002). A heuristic search strategy of
10,000 random sequence addition replicates with tree bisection-reconnection (TBR)
branch swapping, saving 10 trees per replicate, with MULTREES on, steepest descent
off, was implemented. A bootstrap analysis (Felsenstein 1985) was performed to
evaluate the robustness of clades using a fast stepwise addition search algorithm with
1000 replicates. A 50% majority-rule consensus tree was calculated from all the most
parsimonious trees.
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4.2.5.6 Maximum Likelihood

Maximum likelihood analysis was implemented using PhyML (Guindon & Gascuel
2003) with GTR+I+G and determination of a 50% majority rule consensus tree from
1000 bootstraps. The appropriate substitution model was selected for the dataset using
Modeltest (Posada & Crandall 1998) based on Akaike’s Information Criterion (AIC)
and hierarchical Likelihood Ratio Test (hLRT).
4.2.5.7 Bayesian Inference

Bayesian inference analyses were performed in MrBayes v3.1.2 (Hulsenbeck and
Ronquist) on unordered and equally weighted characters with the following settings.
The evolutionary model employed six substitution types (“nst=6”), with base
frequencies set to the empirically observed values (“basefreq=empirical”). Rate
variation across sites was modeled using a gamma distribution (“rates=invgamma”).
The Markov chain Monte Carlo search was run with 4 chains for 1,100,000
generations, with trees sampled every 200 generations and the first 1000 trees
discarded as ‘burnin’. All phylogenetic trees were visualized using Figtree (Rambaut
& Drummond 2010).

4.3

Results and discussion
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Initial isolation of chloroplasts from fresh material (methods 4.2.1 & 4.2.2) was
always accompanied by large amounts of nuclear contamination as determined by
PCR using primers that amplified nuclear DNA, (Elongation initiation factor 3e
(Eif3e), a low-copy nuclear-encoded gene, (Li et al. 2008)) in comparison to those
that amplified chloroplast DNA (trnL primers).
Rolling Circle Amplification (RCA) using phi29 was tested on isolated chloroplast
DNA from methods 1 & 2 (methods 4.2.1 & 4.2.2). This gave good amplification but
restriction digests to produce discrete banding patterns did not work, often resulting in
!
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a smear which is what would be expected from total genomic DNA thereby reducing
confidence that the majority of amplified product was chloroplast DNA.
Improvements to this protocol with modified phosphorothioate primers (Skerra, 1992)
may have achieved success but unfortunately a supplier could not be found to provide
these primer modifications at that time.

An alternative approach using long-range PCR (LR-PCR) was then undertaken by
adapting the method of Chung et al, (2007). This new method used conserved
angiosperm chloroplast primers to amplify approximately 10Kb DNA fragments. A
selection of test primers (five pairs for each dataset), were designed to assess the
validity of this method. Two sets of primers were selected from Chung et al, (2007),
the first set consisted of primer pairs specific to the Cucumis sativus chloroplast
genome sequences (these sequences had already been established using cloning
libraries and traditional Sanger sequencing). The first sets of primers were labelled
Cucumis chloroplast specific (CS) primers, and they were designed to produce an
amplicon of approximately 10 Kb. This is in contrast to Chung et al, who designed
their primer pairs to produce 2 - 3 Kb amplicons, however to reduce the potential for
primer failure due to non-specific binding, inversions, indels and sequence
divergence, (as well as to lower costs and increase the speed of sample preparation),
the primer pairs were reshuffled to potentially provide 10 Kb amplicons with 500 –
1000 bp overlaps between amplicons (Appendix A5). The large overlap was to reduce
the types of errors encountered by Cronn et al (2008) during sequence assemblies, i.e
complementary forward and reverse primers at a single site precluded them from
obtaining genomic sequence for those positions, (Cronn et al. 2008). The second set
of primers were designed in the same manner but using the conserved chloroplast
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(CC) primers. Chung et al, designed primers from regions that were conserved
between three distantly related plant species (Arabidopsis thaliana, Spinacia oleracea
and Nicotiana tabacum) by analysing available whole chloroplast genomes, and
designing their primers to have an amplicon size of 3 kb, new primer combinations
were again developed for this study in order to produce 10 kb amplicons with
sufficiently overlapping reads. In all, a total of ten primer sets were trialled and the
results indicated that the conserved chloroplast (CC) primers produced more
consistent and expected results than the Cucumis specific (CS) primers, Table 4.3.
Based on these results, a full set of eighteen overlapping primers covering the
Cucumis chloroplast genome was developed. Table 4.4 shows the list of primer pairs
developed. Figure 4.1. Shows the result obtained from the primer pairs when tested on
a sample of B. nelumbiifolia, as seen on 0.7% agarose gel. Most bands are
approximately 10Kb as expected, second to last lane negative control.

Primer
Forward

Primer
Reverse

Position (Nicotiana tabacum)

Putative Fragment
size

CC1F

CC1R

155747 (23F) + 9533R

9725 bp

CC2F

CC2R

7918F + 17040R (5R)

CC3F

CC3R

16771F (5F) + 24129R

CC4F

CC4R

CC5F

PCR Product

Approx Size
~10 Kb

9122 bp

!
! Multiple Faint
Bands

~3.5 & 8 Kb

7358 bp

!

~7 Kb

23085F + 31070R

7985 bp

!

~7 Kb

CC5R

29455F + 37160R (7R)

7705 bp

!

~8 Kb

CS1.F

CS1.R

6.8 Kb

CS2.R

6.6 Kb

!
! Multiple Faint
bands

~7 Kb

CS2.F

9xxF-CS + 77xxR-CS
77xxR-CS (Reverse comp) +143xxF-CS
(Reverse comp)

CS3.F

CS3.R

143xxF-CS + 281xxF-CS (Reverse comp)

13.8 Kb

x Smear

CS4.F

CS4.R

281xxF-CS + 333xxR-CS

5.2 Kb

x No product

CS5.F

CS5.R

323xxF-CS + 401xxF-CS (Reverse comp)

7.8 Kb

!

~3, 7 & 10 Kb

~9 Kb

Table 4.3 Table showing the success rate of long-range PCR with the newly
designed primers during chloroplast amplification and the amplicon size
achieved.
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Figure 4.1 shows a typical result with primer pairs CC3 and CC4 across 16
Begonia species, as seen on 0.7% agarose gel. Most bands are
approximately10Kb as expected, second to last lane negative control.
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Table 4.4 List of the primers developed for whole chloroplast genome
sequencing.
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To check that the long-range PCR’s had amplified chloroplast sequences, the
amplicons generated from B. nelumbiifolia were pooled and the pooled sample was
cloned. Twenty-four clones were sequenced using traditional Sanger sequencing by
The Genepool sequencing facility and BLAST searches were performed against the
non-redundant database in Genbank with reducing stringency during optimisation.
(http://www.ncbi.nlm.nih.gov/). Results indicated that 75% contain chloroplast
sequence with 25% giving no matches (Table 4.5). The high percentage of chloroplast
sequence gave the confidence to apply this method to the remaining fifteen Begonia
species and submit the samples to The Genepool Sequencing service for multiplexed
chloroplast genome sequencing.
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A total of sixteen species were chosen for chloroplast genome sequencing: nine
American species to represent interspecific variation from within sect. Gireoudia: B.
conchifolia, B. plebeja, B. carolineifolia, B. stigmosa, B. peltata, B. nelumbiifolia, B.
theimei, B. sericoneura, B. involucrata; two American species to represent additional
American sections: B. pustulata (sect. Weilbachia), B. solananthera (sect.
solananthera); two Asian and three African species: B. venusta (sect. Platycentrum),
B. varipeltata (sect. Petermania) and B. dregei (sect. Augustia), B. socotrana (sect.
Peltaugustia), B. bogneri (sect. Erminea), respectively.
The list of taxa used along with the sources of plant material and accession numbers
are provided in Table 4.6. The sectional and geographical affinities of the taxa are
also described. (Sectional placements follow (Doorenbos et al. 1998)).
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16 chloroplast ((73-98%
Identity match)

Megablast (Highly similar sequences)
Discontiguous Megablast (More dissimilar
sequences)
Blastn (somewhat similar sequences)
No Matches

0
2 chloroplast (70-76%
Identity match)
6

Table 4.5. Results of Blast searches for twenty-four cloned chloroplast samples
performed against the non-redundant database in Genbank with reducing
stringency during optimisation. The default Blast E-value cutoff was used and
set at 10.
Species
B. plebeja_2
B. conchifolia_2
B. stigmosa
B. peltata_1
B. nelumbiifolia_2
B. theimei_1
B. sericoneura_8
B. involucrata_1
B. pustulata
B. carolineifolia_1
B. solananthera
B. bogneri
B. venusta
B. varipeltata
B. dregei_2
B. socotrana

Section
Gireoudia
Gireoudia
Gireoudia
Gireoudia
Gireoudia
Gireoudia
Gireoudia
Gireoudia
Weilbachia
Gireoudia
Solananthera
Erminea
Platycentrum
Petermania
Augustia
Peltaugustia

Region
America
America
America
America
America
America
America
America
America
America
America
Madagascar
Asia
Asia
Africa, South
Africa, Socotra

Accession
20051406
20042082
20051413
2004078
19791880
20042079
GL00400185
GL00410057
GL02212482
GL00108299
19991101
19860844
20021596
20040641
20000905
20000325

Table 4.6. List of taxa for chloroplast genome sequencing with geographical and
sectional affinities according to Doorenbos et al, 1998.

I"!"I

H>>29-*,/)%*.9%/0%12%*3-*4/

Each LR-PCR pool was converted into barcoded illumina sequence libraries, which
were further pooled into multiplexed sequencing libraries using standard chemistry
and protocols. Two Illumina GAIIx lanes were used, each with a multiplex library
containing eight samples. Illumina sequencing consisted of the generation of 50 bp

!

,,!

paired-end reads with an insert size of approximately 250bp on an Illumina GAIIx.
All sequencing was performed by ‘The Genepool’ sequencing facility, Edinburgh,
UK (http://genepool.bio.ed.ac.uk/).

I"!"K

H>>29-*,/)%*.9%/0%12%*3-*4/,*6/O2>'-P>%&-*4/

Each species was indexed with a unique 6bp DNA barcode using the Illumina TruSeq
adapters (http://www.illumina.com). After index tagging, all the samples were pooled
together into multiplexed sequencing libraries using standard chemistry and protocols.
After sequencing, this enabled each sample to be identified via the index tag and
subsequently de-convoluted for sequence analysis. At the time of sequencing, the
indexing kit had just been developed, therefore, the sequencing facility needed to run
initial tests on the GAIIx using barcoded samples. As a result, it was decided to use
two lanes on the sequencer, each containing eight indexed samples. Illumina
sequencing consisted of the generation of 50 bp paired-end reads with an insert size of
approximately 250 bp. As this was de novo assembly, we aimed for 100x coverage on
an Illumina GAIIx, this was recommended by ‘The Genepool’ sequencing facility in
Edinburgh

where

all

sequencing

was

performed,

Edinburgh,

UK

(http://genepool.bio.ed.ac.uk/).
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4.3.6.1 Sequencing Results

Samples were sequenced from both ends (paired-end reads) that generated two raw
data files per sample. Figure 4.2 indicates that coverage for samples 2, 9, 10 and 13
was much lower than expected. These samples were therefore subjected to a further
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sequencing run using the original pooled DNA samples and subsequently integrated
into the analysis.
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4.3.7.1 Quality Scores

Each illumina read is 50bp long and each base call, i.e. A, T, G or C is given an
individual quality score. It is necessary to assess the quality scores from each
sequenced sample. This procedure is essential in order to determine the success of the
sequencing run and the quality of downstream assemblies from the raw reads. In order
to check the quality of the actual 50 bp reads, an assessment of the quality of each
cycle is produced. Illumina Solexa scores are ASCII coded (American Standard Code
for Information Interchange), so therefore a conversion into Phred scores (Sanger
base caller) to assess quality was necessary and this was achieved using custom Perl
scripts, provided by the genepool sequencing facility, available in the appendix.
Figure 4.3 depicts the quality score for all reads in the sample for each cycle (after
conversion to Phred scores). Results indicate that all cycles have an excellent average
Phred score of between 36 and 38 over the whole reads. A score of 30 implies 1 error
in 1000 bp whilst a score of below 20 would indicate low quality reads. The results
obtained for all samples were well above the minimum quality acceptable for
sequence assembly.
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Figure 4.2. A graph showing the results from the multiplexed chloroplast genome
sequencing showing the number of reads per sample.

Figure 4.3 A graph depicting the quality score for all reads in the sample for
each cycle (after conversion to Phred scores).
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Using Illumina GAIIx sequencing system, a total 6.2 Gb of data of 50 bp reads were
generated. Reads were deconvoluted using the barcodes into individual accessions
and the barcodes were then removed. The lack of a closely related chloroplast genome
sequence meant that the method to assemble the raw illumina reads would need to be
undertaken using a ‘de novo’ sequence assembler. The sequence assembler ‘Velvet’
(Zerbino & Birney 2008) is a de novo genomic assembler designed for short read
sequencing technologies, such as Illumina, Solexa or Roche 454.
All accessions were assembled using Velvet Software v.1.1.06 (Zerbino & Birney
2008).When using velvet (and other sequencing assembly software), it is essential to
optimise the parameters and check validity of assembled contigs by Blast searches.
All Blast searches were performed against the nucleotide collection database in
Genbank initially optimised for highly similar sequences (Megablast) with reducing
stringency during optimisation. (http://www.ncbi.nlm.nih.gov/). These conditions
were used throughout the following analyses where stated unless specified otherwise.

The optimal parameters were determined by repetitive assemblies using a custom perl
script (written by myself and Richard Harrison) to run the samples in batches. The
final parameters used for the chloroplast assemblies were: kmer length 31; expected
coverage 1000; coverage cutoff 5; minimum contig length 100bp; -shortpaired; insert
length 200. The following settings were used during compilation of velvet software:
CATEGORIES =2; MAXKMERLENGTH=65; OPENMP; LONGSEQUENCES;
BIGASSEMBLY.
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Table 4.7 The outcome for each sample assembly under the parameters: kmer length 31; expected coverage 1000; coverage
cutoff 5; minimum contig length 100bp; -shortpaired; insert length 200.
!

Table 4.7 shows the outcome for each sample assembly under these parameters.
Number of assembled contigs per genome ranged from 132 – 679. As there was no
reference chloroplast sequence for Begonia, de novo contigs were initially verified
using Blastn (http://www.ncbi.nlm.nih.gov/). Indicators of a good assembly are a high
N50 and a low number of contigs in N50. N50 values provide a standard measure of
assembly connectivity, "Contig or scaffold N50 is a weighted median statistic such
that 50% of the entire assembly is contained in contigs or scaffolds equal to or larger
than this value", (http://seqanswers.com/forums/). The Kmer value used was 31, that
was the maximum/strictest value at that time, although with later releases of velvet,
Kmer values up to 65 can be used, however obviously Kmer value needs to be less
than the read length. Kmer value represents the number of overlaps in a hash table
that the assembly must satisfy; a short Kmer length generally results in lower
accuracy but with longer contigs, whilst a long Kmer length gives a more stringent
assembly but often with shorter contigs. The best Kmer value for a given assembly
depends on the sequencing depth, the read error rate, and the complexity of the
genome/transcriptome to be assembled (Simpson et al. 2009), and therefore parameter
optimisation of datasets is a critical aspect of de novo gene assembly.

The presence of an inverted repeat can also lead to mis-assembly of contigs in Velvet
software and many other software programmes. Repetitive regions and regions of
low-complexity are a large problem in general and methods to help overcome these
issues have been developed. The development of physical methods are very effective,
these techniques include paired-end reads and mate-pair reads where the insert size
can be varied. Li et al (2009) demonstrated the effectiveness of this approach when
they sequenced and assembled the Panda genome (Li et al. 2010).
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Visual inspection of the raw assembly reads was performed in Maqview1
(http://maq.sourceforge.net/maqview.shtml). Maqview is a set of programs that
achieves fast random access to the alignment file generated by ‘maq map’, and
displays the alignment with a GUI (Graphical User Interface). The visualization of the
raw assembled reads was not necessary, however it allowed checking of any
problematic or unexpected results. Maqview is split into two parts, the first is
maqindex whereby the software indexes a maq alignment file and quickly retrieves all
the reads in a specified region. Indexing is required for using maqview, which is the
second part of the software. Maqview then displays the read alignment in a graphical
window, it has two views: sequence view and box view, figures 4.4 and 4.5.

In the sequence view, figure 4.4, read sequences are printed on the screen. Darker
bases indicate lower base qualities and red ones show the differences in comparison to
the majority-rule consensus (not the maq consensus).

In the box view, figure 4.5, different types of nucleotides are represented as colour
boxes with green for A, cyan for C, orange for G, red for T and dark gray for N. The
saturation of colours indicates the base qualities and the thickness lines of the reads
show the mapping qualities of read alignments. This view is also useful for detecting
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Figure 4.4 A screenshot from Maqview1 (sequence view), illustrating the
alignment of sequence data.

Figure 4.5 A screenshot from Maqview1 (box view), illustrating the mapping
qualities of read alignments.
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Figure 4.6 A screenshot from Maqview1 (box view), illustrating badly mapped
read alignments.

incorrectly assembled contigs and potential repetitive regions, figure 4.6 shows an
incorrectly assembled contig. It is worthwhile noting that hybrid genome assemblies
were initially performed, this involved the merging of two contig datasets from
different genome assemblies. The hybrid assemblies were performed in Minimus2
which is part of the AMOS genome assembly package (Treangen et al, 2011). This
step was to determine if a whole uninterrupted chloroplast genome could be obtained.
Using the hybrid sequence as a reference sequence in Maqview and assembling the
Illumina raw reads to this hybrid reference, it became apparent that the joined
sequences were not correctly merged as there were substantial discrepancies that were
only revealed by the visualization of the placement of the individual reads, (Figure
4.6). The discrepancies seemed to be a contained in the regions predicted to span the
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junctions of the inverted repeats, and this hybrid method was subsequently
abandoned.
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MUMmer is a software package for fast alignment of whole genomes or 1000’s of
contigs (Kurtz et al. 2004). It is able to align genome sequences or contigs by
nucleotides (NUCmer), or for more divergent sequences, it aligns using amino acids
by using six-frame translations of both sequences, (PROmer). The Begonia sequence
reads were aligned to the Cucumis sativus chloroplast genome (Genebank accession:
DQ865976.1) using NUCmer, and the coverage across the chloroplast genome can be
observed for each species in figure 4.7a and 4.7b. The species that had the most
coverage were B. plebeja, B. peltata, B. nelumbiifolia, B. sericoneura, B. involucrata,
B. varipeltata and B. socotrana with ungapped sequence lengths over 137,000 bp,
whilst the species with poorer coverage were B. bogneri, B. pustulata, and B.
solananthera, having ungapped sequence lengths of 101,900 bp, 57,869 bp and
67,487 bp respectively. The species that had poor contig assemblies and genome
coverage were the same species that were sent for additional sequencing, thus
indicating that the long-range PCR in the initial stages of sample preparation for these
species was not as good as that of the other species, i.e weaker bands and
unexpectedly sized bands were seen, this was probably due to a combination of less
product and more non-specific hybridization. There could be a number of reasons for
this however most likely is that the quality of the DNA template was poor or that
secondary metabolites were still present in the DNA sample that interfered with the
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Figure 4.7a. Begonia alignments to the Cucumis sativus chloroplast genome using NUCmer (MUMmer), Samples 1-9.
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Figure 4.7b. Begonia alignments to the Cucumis sativus chloroplast genome using NUCmer (MUMmer), Samples 10-16.

PCR process. Presence of these chemicals in DNA extractions of Begonia that can
interfere with PCR are well known in Begonia studies at RBGE, and often these
samples need to be diluted up to 100 fold to achieve reasonable amplification levels
(RBGE Begonia laboratory members, personal communication).

Analysis of the Begonia alignments to the Cucumis sativus chloroplast genome
indicated a potentially large region missing in all Begonia species, figure 4.9, gap 4.
This region is predicted to be approximately 8-10 kb and to span the junction of IRb
and the LSC. Owing to the large size of this region, it seems highly likely that this is a
result of PCR failure during initial sample generation, especially since one of the
paired primers, CC13, is predicted to bind in the IR region, a section of the
chloroplast genome that is duplicated and is now known to cause problems during
PCR amplification. Further analysis of all sequenced Begonia chloroplast genome
sequences will now exclude this region unless specifically mentioned. Analysis of the
original PCR products from primer pair CC13 did not indicate PCR failure (Figure
4.8) however the relatively low annealing temperature (50oC) during the long-range
PCR stage may have led to non-specific/preferential binding of an alternative site
within the genome as low molecular weight bands can be seen in figure 4.8 along
with the expected higher molecular weight bands.
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Figure 4.8. PCR results from primer pair CC13 (2!l PCR product loaded onto
on 0.7% agarose gel).

!

((#!

!

(($!

Figure 4.9. A diagram showing contigs from Begonia peltata aligned aligned to Cucumis sativus using NUCmer (MUMmer).
Gap numbers are indicated by the black arrows and numbered boxes.
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Initial de Novo assemblies determined that B. peltata was the most complete
chloroplast genome sequenced (Figure 4.9) therefore, B. peltata was chosen as the
reference sequence for the development of the Begonia draft genome. It should be
noted that subsequent improvements were obtained for some of the genome
assemblies (which were performed with upgraded software) and which led to a
marginally more complete sequence for B. nelumbiifolia, however analysis including
gap-closing had already focused on B. peltata and it was deemed logical to continue
working with B. peltata as the reference genome. A total of 6.2 Gb sequencing reads
of 50bp paired-end illumina reads were assembled into 310 contigs. The contigs were
validated by blast searches of the NCBI database. The final draft chloroplast genome
covered a total of 137,976 bp of the B. peltata genome, this excluded IRb as attempts
to determine the junction between the LSC and IRb during this study were
unsuccessful, however the junction between the LSC and IRb is predicted to reside
within the linear gene grouping of rpl2-rps19-rpl22 genes based on information from
contig termination of the inverted repeated region during assembly, and it is probably
most likely to be withn the rps19 gene as this is one of the most common sites
reported in the angiosperms (Golding et al, 1996; Yukawa et al, 2006). Additionally,
the contig representing this region in the LSC terminates in the rps19 gene, which is
predicted to have approximately 15 bp missing from the end of the gene. This
information is based on a megablast search of the non-redundant database using the
rps19 gene as the query sequence. The total length of the complete B. peltata
chloroplast genome is predicted to be 153,976 bp (Figure 4.10).
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Table 4.8. Primers designed in this study for gap closing in the Begonia peltata
chloroplast genome.
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Advances in sequencing technologies during this study led to the sequencing of three
Begonia transcriptomes, B. plebeja, B. conchifolia and B. venusta (Brennan et al, In
Press) along with the genome sequencing of B. conchifolia (currently under assembly,
C. Kidner, Personal communication). Access to this data allowed the successful
mining of a large portion of the predicted missing region in B. peltata (see chapter
4.3.12 for discussion), (Gap 5-6, Figure 4.9). Isotig 04455 was identified from the B.
conchifolia transcriptome by blastn searches using the corresponding region
(predicted missing in B. peltata) in Cucumis sativus as bait. Isotig 04455 is 7640 bp in
length and was successfully joined into the B. peltata genome using Sanger
sequencing and BGHIJGK! GLK((MCN! O! GLP4MCN, Table 4.8. It was somewhat
surprising to find a full-length region containing intergenic spacers and introns as this
was transcriptome data, however if digestion efficiency of genomic DNA with
DNaseI during the sample preparation and library preparation stages were inefficient
in some way, then the presence of genomic DNA in the transcriptome data would not
be unexpected.
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Figure 4.10. Plastid genome map for the draft Begonia peltata.
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Custom primers were designed to confirm the junctions of the inverted repeats and
also to close gaps where contigs did not join. (Table 4.9). As discussed previously
(chapter 4.3.11), confirmation of the junction between the LSC and IRb was
unsuccessful, this was despite many attempts and primer combinations, with PCR
often resulting in no amplicons or too many amplicons. The reason behind this could
simply be due to the duplicated nature of the genome sequence under study with the
IR providing multiple binding sites for the primers or non-specific binding elsewhere
in the genomic DNA. Figure 4.11 is a schematic diagram that illustrates the relative
positioning and orientation of the primers along the draft B. peltata genome. Included
in figure 4.11 is a large missing region (determined from the B. conchifolia
transcriptome, previously discussed) as well as the predicted IRb for completeness
and more importantly primer design. A total of five out of seven gaps were closed
using traditional Sanger sequencing (gaps 1, 2, 3, 4 and 7, Figure 4.9). During gapclosure, it became apparent that the gaps were present because of low complexity
and/or homopolymer runs, this is reassuring as it indicates the suitability of the
assembly parameters and also to be expected when assembling sequences de novo
with Illumina short read data, as an increase in identical nucleotides or tandem repeats
reduces the confidence of the assembly of that contig resulting in contig termination
(Zerbino & Birney 2008).
Table 4.8 shows the primers developed along with the primer sequences designed
from the Begonia chloroplast data using Primer3 in the software package Geneious®
Pro 5.6.3.
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Figure 4.11. A schematic diagram to illustrate the relative positioning and orientation of the primers along the
draft B. peltata genome.
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All assemblies, alignments and data analysis was performed on a Mac Pro, 2 Quad
core, 2Ghz intel processors, 10Gb RAM.
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Genome annotations were performed using DOGMA (Dual Organeller GenoMe
Annotator), (Wyman et al. 2004) and all putative annotations were confirmed using
blast sequence similarity search. Visualisation of the Begonia chloroplast genome
annotations, AT and GC skew, and genome alignments were performed in Geneious®
Pro 5.6.3, Build 2012-05-11 17:20.
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4.3.15.1 Gene content in Begonia plastid genomes

The draft Begonia peltata cp genome is predicted to have a typical quadripartite
structure as is common to the majority of angiosperm lineages: a large single copy
(LSC) region (84,812 bp) flanked either side by a pair of inverted repeats (IRs)
(predicted to be 26456 bp) and circularized by a small single copy (SSC) region
(16152 bp) (Figure 4.10). The predicted size of the B. peltata chloroplast genome is
153,976 bp which is typical in size to many other angiosperm chloroplast genomes
whose average range is between 120-180 kb. The IR region was estimated from the
site of contig termination (the start of sequence duplication) in the SSC (ycf1 gene) to
the most common junction site in chloroplast genomes (rps19 gene) as this was where
termination of the LSC occurred, and is likely the start of the duplicated IR, figure
4.10.
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Table 4.9a Genome features: annotation tracks from Begonia peltata
genome.
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Table 4.9b. Genome features: annotation tracks from Begonia peltata
genome.
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4.9c Genome features: annotation tracks from Begonia peltata
genome.
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Table 4.9d Genome features: annotation tracks from Begonia peltata
genome.
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Annotation of the draft chloroplast genome from B. peltata predicts 103 genes,
including 45 tRNAs, eight Ribosomal RNA genes and six predicted open reading
frames (ORFs). A breakdown of the quadripartite genome structure predicts the LSC
contains; 70 genes and 26 tRNA genes, whilst the SSC contains 13 genes and 1
tRNA. The predicted inverted repeats each contain 10 genes and nine tRNA genes
along with four rRNAs and three predicted ORFs (ycf68, orf42 and orf56), (Figure
4.10). Predicted ORFs can be split into three groups; genes of known function,
hypothetical chloroplast reading frames (ycfs) and species-specific or rapidly
diverging ORFs (Steane, 2005).
Tables 4.9a-d show a list of annotations for the draft B. peltata genome along with
Figure 4.10, which is a schematic diagram of the positions of the genomic features.

4.4.1.2 Base composition and codon usage.

The nucleotide base composition of the chloroplast genome of B. peltata is highly
skewed (64.2%), in favour of adenine (A) and thymine (T) bases, whilst poorly
represented (35.8%), by cytosine (C) and guanine (G). This unequal balance is typical
of chloroplast genomes throughout angiosperm lineages with averages reported to be
around 62% (Whittall et al, 2010), and an AT-rich base composition is also seen in
more primitive organisms such as the green algae, Oedogonium cardiacum at 70.5%
(Brouard et al 2008). Theories speculating on the reasoning for high AT-content
include the mis-incorporation of A and T bases during replication, a bias in DNA
repair machinery and DNA damage through high levels of reactive, and potentially
mutagenic species generated during the electron transfer reactions of photosynthesis
(Howe et al, 2003). The high AT-content is also a general feature of mitochondrial
genomes, another endosymbiont with a circular genome.
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4.3.15.2 Comparison with Cucumis sativus

Cucumis sativus was the closest relative to Begonia whose chloroplast genome had
been sequenced (Chung et al. 2007). A sequence alignment between C. sativus and B.
peltata reveals that the genes are highly syntenic, (which is reflective of the general
conserved order of genes across the land plants, Figure 4.12, (Wicke et al. 2011),
however a pairwise identity of 50.1% at the nucleotide level reflects the sequence
diversity of these distantly related species. The gene content of both chloroplasts is
almost identical except for the gene loss of the infA gene, which has become a
pseudogene in B. conchifolia, (discussed below).
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Figure 4.12. Synteny of land plant plastid chromosomes from Wicke et al, 2011. Captions from Wicke et al (2011): “The plastid chromosomes are shown in
linearized form illustrating relative gene synteny. Genes are depicted by boxes colored according to their relevant functional class (see legend). Genes
encoded by the leading strand (+ strand) or by the lagging strand (- strand) are shown above or below the grey chromosome bar, respectively. Lengths of
boxes do not reflect lengths of genes, but are artificially increased to aid legibility (consequently, overlapping genes on ± strand do not indicate overlapping
reading frames). Lines from selected genes/ gene-regions mentioned above the first chromosome bar roughly indicate genes clusters that have been
reorganised during land plant evolution. Not all regions that underwent genomic relocations prior or during land plant evolution are depicted here. The
chromosome bars are colored gray to highlight the positions of the two large Inverted Repeat regions (IRA/IRB) and are connected by gray lines between
the different lineages. Gray lines are discontinued once to indicate loss of the large inverted repeat in Pinus.”

Figure 4.13. The pseudogene infA from Begonia conchifolia, translated into
amino acid sequence.

Figure 4.14 The functional gene infA from Cucumis Sativus, translated into
amino acid sequence.
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Figure 4.15. Alignment between Antirrhinum majus and Cucumis sativus of the infA gene

4.3.15.3 The loss of infA gene in B. conchifolia

Analysis of the Begonia transcriptome and genome sequences for B. conchifolia led to
the finding that the chloroplast gene infA has been lost and is now a pseudogene
containing eleven stop codons (figure 4.13). The loss of the gene infA is not
unexpected, as this has been previously reported for many angiosperm lineages
including Begonia, (Millen et al. 2001). In the same study, Millen et al reported infA
gene loss from Cucumis inferred form Southern blot DNA hybridisations. However,
analysis of the published Cucumis sativus chloroplast sequence (DQ865976) from
Chung et al 2007, reveals an intact infA gene (Figure 4.14) indicating that DNA gel
hybridisation may not always provide conclusive evidence for gene losses, especially
when sequences are distantly related as is the case between Antirrhinum majus
(snapdragon) infA (which was used as the probe to detect functional infA sequences)
and Cucumis. A DNA alignment between these two species reveals a high level of
divergence at 70.7% (figure 4.15). The high level of divergence seen may have led to
misleading results and Millen et al also acknowledge that good correlation was seen
between the degree of diminished infA hybridization and the degree of infA sequence
divergence. Strong hybridization was obtained where sequence divergence was low,
for example, Cercidiphyllum infA is 93% identical to the probe infA sequence from
Antirrhinum, whilst poor results were obtained with the Oxalis infA pseudogene at
only 73% identical. Unfortunately, the study does not indicate which Cucumis species
was tested and we are thereby unable to conclude whether infA was lost relatively
recently in the Begoniaceae and also selectively lost in certain lineages in the
Cucurbitaceae or if the loss reflects an earlier event in the Cucurbitales. Whilst Millen
et al predict a total of four independent losses of infA in the Rosids, with additional
separate losses in 24 angiosperm lineages, it is clearly obvious that the infA gene is
one of the most mobile in the chloroplast genome. Unfortunately, the infA gene (or
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pseudogene in the case for Begonia), is to be found between the genes rpl36 and rps8,
this region is also the same region that is missing form all the sequenced Begonia
chloroplast genomes in this study, therefore an analysis of mutation rates in this
pseudogene in Begonia is not currently feasible.
[
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The highly conservative nature of gene synteny in the chloroplast genome allowed the
alignment of chloroplast contigs for all sixteen Begonia species at a genome-wide
level. It is important to note that because two copies of the inverted repeat were not
confirmed during gap-closure, it was deemed prudent to include only one copy of the
IR in the large-scale genome alignment.

This large-scale genome alignment of sixteen incomplete chloroplast genome
sequences was subjected to phylogenetic analysis to determine if the phylogenetic
structure of sect. Gireoudia could be resolved at the species level using chloroplast
genome data.

4.4.1.1 Large-scale Begonia chloroplast alignment

The aligned matrix for the large-scale Begonia chloroplast alignment consisted of 16
taxa with an alignment length of 147,032? bp, 139,457 bp unambiguously aligned
characters,

139,476

identical

sites,

containing

5,481

variable

parsimony-

uninformative and 2,075 parsimony-informative sites. In comparison, analysis of the
chloroplast alignment for sect. Gireoudia species only reveal; an alignment length of
147032 bp, 144,420 identical sites, containing 1,574 variable parsimonyuninformative and 1,038 parsimony-informative sites.
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Figure 4.16. Maximum parsimony 50% majority-rule tree of the large-scale Begonia chloroplast
alignment performed in PAUP. (16 taxa rooted on B. bogneri). Bootstrap support values >50 are
indicated next to the nodes. Maximum Parsimony Stats: Tree length=8969, Consistency Index
(CI) = 0.8908, Homoplasy Index (HI) =0.1092, CI excluding uninformative characters = 0.7032,
HI excluding uninformative characters = 0.2968, Retention Index (RI) = 0.7700, Rescaled
consistency Index (RC) = 0.6860. The geographical occurrence of species is distinguished by
colour coded taxon names (see legend).
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Figure 4.17. Maximum likelihood phylogram of large-scale Begonia chloroplast genome alignment
analysed under a GTR+I+G model with 1000 Bootstrap replicates performed in Phyml, (16 taxa
rooted on B. bogneri).
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Figure 4.18. Bayesian Inference analysis of large-scale Begonia chloroplast genome alignment.
analysed under a GTR+I+G model performed in MrBayes, (16 taxa rooted on B. bogneri).
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Phylogenetic trees (MP, ML & BI) depicting the relationships of the sixteen Begonia
species are presented in figures 4.16 – 4.18. All three topologies were congruent with
each other although there are some slight differences between the levels of support
and also the grouping of two taxa, namely B. dregei and B. solananthera, which is
discussed later in this section.

Inspection of the phylogenetic trees shown in figures 4.16 – 4.18, indicate that all
nodes within sect. Gireoudia are strongly supported in all three analyses. There
appear to be two distinct clades, A and B, with maximum support provided for the
group at node 6, in all analyses. However, sect. Gireoudia is not monophyletic owing
to the presence of B. pustulata that is a representative of sect. Weilbachia (Klotzsch &
Oersted) nested within clade B. sect. Weilbachia is currently defined as the only
neotropical species to have bilocular ovaries, whereas all other American sections
have trilocular ovaries, apart from Sections Gobenia and Tetrachia that have
quadrilocular ovaries. This is an interesting result as this supports the relationship
seen previously between species in sect. Gireoudia and species in sect. Weilbachia in
the ITS phylogenetic analysis presented in chapter 2, where a subset of species from
sect. Weilbachia were examined (B. violifoila and B. imperialis), are found to be
grouping with B. nelumbiifolia and B. peltata. Another interesting aspect to Clade B,
is that the species B. peltata was previously placed in sect. Knesebeckia, a section
encompassing a diverse array of species, characterized by globose or obovoid anthers
and short filaments that are often monodelphous (De Lange & Bouman 1999). This
species was only recently incorporated into sect. Gireoudia by Doorenbos, 1998. It
would therefore be interesting to phylogenetically assess additional species from both
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sect. Weilbachia and sect. Knesebeckia in order to determine the true status of
relationships within these sections.

Clade A (comprising only species from sect. Gireoudia) splits into two groups, one
containing the species B. conchifolia, B. sericoneura and B. plebeja, with the
remaining group containing B. stigmosa and B. involucrata. Clade A is able to
provide highly supported connectivity between two previously unresolved clades that
were both present in the ITS and TrnL phylogenetic trees.

As expected, the African and Asian species are in a clade separate from the American
species although B. dregei (African, sect. Augustia) and B. solananthera (American,
sect. Solananthera) form a small clade in both the MP and ML analyses. This could
potentially indicate another dispersal event from Africa and/or an early founding
population for the South American begonia species, although further sampling of
more species would be needed to confirm or disprove this theory.
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A comparative study of six bamboo chloroplast genomes by Zhang et al reported by
that the SSC evolves at a faster rate (23.75%) than the LSC (21.56%) and therefore is
potentially more informative (Zhang et al 2011). In order to test this hypothesis in
Begonia, the large-scale chloroplast alignment was split into the relevant data
partitions; the LSC, SSC and IR. Each region was subjected to phylogenetic analyses
(chpt 4.5.1.) along with descriptive statistics (produced using Geneious software, as
well as manually calculated). In addition, descriptive statistics were produced only for
species in sect. Gireoudia for each region to look at variation within sect. Gireoudia.
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The analysis between the SSC, LSC and the IR regions show that of the Begonia
species sampled, the SSC evolves almost twice as fast as the LSC, and at five times
the rate of the IR, Table 4.10. The variability in sect. Gireoudia only, reflects the
same results, Table 4.11. Many previous phylogenetic studies in Begonia have
concentrated on molecular markers found in the LSC; matK gene (Schaefer & Renner
2011), rbcL gene (Clement 2004, 2005), trnL-UAA intron (Plana 2004), trnL–F spacer
(Schaefer & Renner 2011), although some of these are protein-coding and will
therefore be expected to have a slower rate. Recently Thomas et al, (2011)
successfully demonstrated the phylogenetic utility of a selection of sequential noncoding regions found in the SSC (ndhA intron, ndhF–rpl32 spacer, rpl32–trnL spacer)
for low-level studies of Asian Begonia. These three regions combined (a total
alignment length of 4059 bp) were able to determine the species level resolution of a
number of Asian Begonia sections. The low substitution rate found in the IR confirms
the findings of Wolfe et al, (1987) who reported that the inverted repeats were more
highly conserved than the SSC and the LSC regions. Although their analysis was
between highly divergent monocotyledon and dicotyledonous plants, it can be
concluded from these analyses that it holds true for species-level comparisons in
Begonia (Wolfe et al. 1987).
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Analysis of the phylogenetic trees produced from the LSC, SSC and IR alignments
indicate varying bootstrap support for different levels in the trees. Both the MP, ML
and BI trees for the LSC (figures 4.19 – 4.21) reflected the structure of the large-scale
Begonia chloroplast tree (figures 4.16 – 4.18) with moderate to high support at deep
and shallow nodes throughout the tree, however these trees were based on an
alignment containing 85,389 bp. The SSC region produced well-supported trees
(figures 4.22 – 4.24) at shallow nodes with some moderate support in the backbone of
the tree however the topology was not congruent with the trees based on analysis of
the entire chloroplast. The long branch of B. solananthera could be due to either a
massive rate acceleration (which is unlikely), a pseudogene or more likely, an
ambigiously aligned region in position 136960 – 137260 in the large-scale alignment.
Finally, analysis of the IR phylogenetic trees (figures 4.25 – 4.27) resulted in very
weak support for the grouping of sect. Gireoudia species but with high support for the
shallower nodes between pairs of species however there was little support for how
these small groups are related to each other. There was also very weak support for the
backbone of these trees. It can therefore be concluded that both the LSC and the SSC
can contribute strong phylogenetic signals but at varying levels within the phylogeny
of Begonia. The best resolution in the phylogenetic tree was obtained from the largescale genome alignment indicating that a combination of chloroplast regions is needed
to fully resolve relationships at low levels in Begonia. This outcome would suggest
that a combination of markers designed from regions in the LSC and the SSC could
provide better overall resolution than markers from a single region.
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The large-scale Begonia chloroplast alignment was subjected to a sliding windows
analysis in the software, Geneious. A window size of 10 bp was used to assess mean
pairwise identity over all pairs in the column across the whole alignment. The graph
produced gave a colour indication of the levels of identity (Green – 100% identity;
Green-Brown - at least 30% and under 100% identity; Red - under 30% identity,
Appendix A4). Potentially informative regions were then selected for initial analyses
from this information, however visual inspection of each region was carried out to
ensure that there was as little missing data as possible (as this was taken into account
in the sliding windows analysis) and also that ambiguously aligned regions were not
included.

For each new region identified, the sequence alignment was subjected to a maximum
likelihood analysis using PhyML with the following evolutionary model, GTR+I+G
and determination of a 50% majority rule consensus tree from 1000 bootstrap
replicates. The resulting phylogenetic tree was visually compared with the whole
chloroplast genome phylogenetic tree (figure 4.16 – 4.18), particularly with respect to
the grouping of the American Begonias with good bootstrap support (Appendix
Figures A6 –A16: highlighted yellow boxes indicates good congruence).

Twenty-four regions were chosen for phylogenetic analysis using Maximum
likelihood, and from these twenty-four regions, nine were selected (Table 4.12) for
further computationally intensive phylogenetic analyses using Bayesian Inference
performed in MrBayes v3.1 with the following settings. The evolutionary model
employed six substitution types (“nst=6”), with base frequencies set to the empirically
observed values (“basefreq=empirical”). Rate variation across sites was modeled
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using a gamma distribution (“rates=gamma”). The Markov chain Monte Carlo search
was run with 4 chains for 1,100,000 generations, with trees sampled every 200
generations and the first 100,000 trees discarded as ‘burnin”. The trees were
visualized using Figtree. The phylogenetic trees produced were again compared to the
large-scale chloroplast genome phylogenetic tree for similarity and for the clustering
of the American Begonias within a clade (Appendix Figures A6-A16: highlighted
yellow box). The phylogenetic structure and posterior probability of the American
Begonias within the clade was also assessed with congruency being further
highlighted.

Blast searches were performed on the consensus sequence for each alignment to
determine/confirm sequence identity. Appendix Figures A6–A16 and Table 4.12
summarises the results from the nine selected regions.

4.4.4.1 Regions selected for further analysis.

The phylogenetic comparisons of tree topology from maximum likelihood and
Bayesian Inference analyses led to the selection of two chloroplast regions for further
study. The two regions selected were Region 21 and Region 24. It can be seen from
Figures 4.36 and 4.39 that these regions give strong support within sect. Gireoudia
along with good support outside of this group.
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Table 4.12. Potentially informative regions chosen for further analysis, their alignment position, Blast match and size.

4.4.4.2 Region 21

Region 21 has an alignment length of 804 bp and is positioned on the large-scale
chloroplast alignment at 138658 – 139461 bp. Interestingly, part of Region 21 is to be
found at the beginning of the ndhG gene that is located in the SSC, an unexpected
result as traditionally non-coding regions have been the most variable. Further
analysis of this gene indicates it is likely to be fully functional, as the nonsynonymous nucleotide substitutions do not result in premature termination of this
gene in any of the species. Another important aspect of Region 21 is the relatively
small size of the alignment yet it has an average pairwise identity of 86.7%, this is
slightly higher when compared to an overall pairwise identity of the SSC at 85.3%,
however missing data is taken into account when calculating the pairwise identity and
only a direct region-by-region comparison will enable a true figure to be calculated.
Preliminary analysis of Region 21 indicates that a full sequence is likely to be
obtained from only one sequencing reaction, which is cost effective when testing the
phylogenetic utility of a molecular marker.

4.4.4.3 Region 24

Region 24 is a reduced combination of Regions 5 & 6, it has an alignment length
between 1223 bp (mostly sect. Gireoudia species) and 1300 bp (other Begonia
species). Region 24 is located in the rpoB-psbM intergenic spacer in the LSC, (largescale Begonia alignment position 27,734 – 28,931 bp) and has a higher pairwise
identity than that of Region 21 at 93.9%. The pairwise identity is also much higher
than the whole LSC (75.9%) however this is to be expected as there are large
proportions of missing data, especially for B. pustulata, B solanathera and B. bogneri
as discussed previously chapter 4 and the real figure is likely to be much higher.
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Although, these analyses did not include indel-coding, it is speculated that Region 24
would be particularly suitable for the analysis of indels as there is a distinct indel
structure (i.e DNA insertions and/or deletions found in an alignment) between sect.
Gireoudia and the remaining species, which could be potentially informative with the
inclusion of additional samples. It is clear from the phylogenetic trees produced here
that both regions give good support not only to the American Begonias but also to the
African and Asian species. These two regions, Region 21 and Region 24 were
therefore selected as the test candidates for further phylogenetic sampling and
analysis.

4.4.4.4

A comparison of phylogenetic regions with twelve taxa

An additional analysis was undertaken to test the performance of the chloroplast
regions used and identified in this thesis. The comparison aimed to determine the
degree of resolution for each of the chloroplast datasets, i.e trnL, Begonia chloroplast
alignment, LSC, SSC, IR, Region 21 and Region 24. A parsimony analysis was
performed on each dataset containing the same twelve taxa (for methods see chapter
4.5.1.4) and a summary of tree length, number of nodes resolved and a total sum of all
bootstrap support values (above 60) was produced. These data, summarized in Table
4.13, enabled a like-for-like comparison of the performances of each of the datasets.
The results show that the large-scale Begonia chloroplast alignment gave the best
resolution of nodes (nine) along with the highest total bootstrap support (838%), this
was followed by the SSC and LSC, both with eight supported nodes and total support
of 719.3 and 775 respectively. The trnl region gave poor resolution with five
supported nodes (375.2%), however, interestingly this was not the worst performer,
the IR only achieved resolution of three nodes (379.4% support). The two newly
identified regions, 21 and 24, gave good results, providing resolution of six and seven
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nodes respectively (with total bootstrap support of 504.6% and 506%, respectively).
The concatenation of these two regions provided better resolution of the twelve taxa,
(eight nodes resolved, 722.1% total bootstrap support), almost providing the same
level of support as the SSC and LSC. This result was extremely encouraging, as it
appeared that two small regions could be representative of the whole chloroplast
genome.
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Table 4.13. A comparative MP phylogenetic analysis of different chloroplast regions used for phylogenetic analysis using
the same 12 taxa.

Begonia socotrana
58
Begonia varipeltata
100
Begonia venusta

Begonia dregei
76
Begonia solananthera

Begonia carolineifolia
79
Begonia nelumbiifolia
98
95

Begonia pustulata

0
76

Begonia thiemei
99
Begonia peltata

100
Begonia involucrata
100
Begonia stigmosa

95

Begonia conchifolia

100

Begonia sericoneura

Begonia species

1

Section Gireoudia
American species
African species
Sister genus

65
Begonia plebeja

Begonia bogneri

Figure 4.19. Maximum parsimony 50% majority-rule tree analysis of the LSC alignment
performed in PAUP, (16 taxa rooted on B. bogneri). Bootstrap support values >50 are
indicated next to the nodes.

!

($+!

Figure 4.20. Maximum likelihood analysis of the LSC using Phyml with the following evolutionary
model, GTR+I+G and determination of a 50% majority rule consensus tree rooted on B. bogneri.
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Figure 4.21. Bayesian Inference phylogram of LSC alignment. analysed under a GTR+I+G model
performed in MrBayes, (16 taxa rooted on B. bogneri).
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Begonia varipeltata

Begonia venusta

Begonia bogneri

Begonia solananthera

Begonia pustulata
0
Begonia dregei

Begonia carolineifolia
82
Begonia nelumbiifolia

61

Begonia thiemei
97
Begonia peltata

64

Begonia involucrata
97
Begonia stigmosa

Begonia species
Section Gireoudia
American species
African species
Sister genus

58

Begonia conchifolia

94

1

Begonia sericoneura
91
Begonia plebeja

Begonia socotrana

Figure 4.22. Maximum parsimony 50% majority-rule tree analysis of the LSC alignment
performed in PAUP, (16 taxa rooted on B. bogneri). Bootstrap support values >50 are indicated
next to the nodes.
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Figure 4.23. Maximum likelihood analysis of the SSC using Phyml with the following evolutionary
model, GTR+I+G and determination of a 50% majority rule consensus tree rooted on B. bogneri.
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Figure 4.24. Bayesian Inference phylogram of SSC alignment. analysed under a GTR+I+G
model performed in MrBayes, (16 taxa rooted on B. bogneri).
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Begonia varipeltata

Begonia socotrana

Begonia venusta
80
Begonia dregei

Begonia solananthera
86
Begonia carolineifolia
50
0

Begonia pustulata

Begonia nelumbiifolia

58

Begonia thiemei
90
Begonia peltata

52

Begonia involucrata
100
Begonia stigmosa

Begonia species
Section Gireoudia
American species
African species
Sister genus

Begonia sericoneura

100

1

Begonia conchifolia

Begonia plebeja

Begonia bogneri

Figure 4.25. Maximum parsimony 50% majority-rule tree analysis of the IR alignment
performed in PAUP, (16 taxa rooted on B. bogneri). Bootstrap support values >50 are
indicated next to the nodes.
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Figure 4.26. Maximum likelihood analysis of the IR using Phyml with the following evolutionary model,
GTR+I+G and determination of a 50% majority rule consensus tree rooted on B. bogneri.
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Figure 4.27. Bayesian Inference phylogram of IR alignment. analysed under a
GTR+I+G model performed in MrBayes, (16 taxa rooted on B. bogneri).
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4.5

Concluding Remarks

The creation of this dataset provided better phylogenetic resolution of relationships
within sect. Gireoudia and between closely related species, providing a strongly
supported phylogenetic tree. The inclusion of chloroplast genomes from African and
Asian Begonia species as outgroups, meant a comparative study could be undertaken
between Begonias from different continents, enabling new insights into the rates of
evolution of different chloroplast regions, gene order and factors influencing genomescale phylogenetic inference, as well as providing a well-supported backbone to the
Begonia phylogeny. It also enabled the identification of appropriate informative loci
for phylogenetic studies in Begonia at different levels from population studies
(Twyford et al, 2012) to species level. The analysis of the Begonia chloroplast
genome data provided here would be invaluable for the generation of future Begonia
chloroplast genomes usig the long-range PCR method, also developed in this thesis.
This data will also inform the development of more specific primers for the
production of large amplicons and new phylogenetic markers for Begonia and closely
related species. New potential targets for primer design should include the tRNAs as
these are highly conserved between all the Begonia species analysed and are therefore
more likely to be transferable between genera.

This study has demonstrated that next generation sequencing of whole chloroplast
genomes using multiplexing is a successful and cost-effective way to produce datasets
useful for phylogenetic studies at population and species levels, as well as allowing
insights into organelle genome evolution within the Cucurbitales.
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Chapter 5. Phylogenetics of American Begonia species with
emphasis on section Gireoudia, based on phylogenetically informative
regions determined from Begonia chloroplast genome sequences.

5.1

Introduction

The focus of this study was to evaluate a large-scale chloroplast sequencing effort
(Chapter 4) to determine, if any chloroplast regions are suitable for low-level
molecular phylogenetic studies in Begonia. Comparison of the chloroplast genome
sequences generated using NGS allowed the evaluation of sequence data at the
species level. Two potentially variable regions were chosen from the large-scale
chloroplast alignment of sixteen Begonia species, as previously discussed in chapter
4. These two regions, Region 21 (R21) and Region 24 (R24) were selected based on
their relatively high levels of variability (in comparison to the other loci that were
screened) and their similar phylogenetic topology when compared to the large-scale
chloroplast alignment, in combination with the length of the region, resulting in a
potentially easily and cheaply sequenced region. It has been previously reported that
the SSC evolves at a faster rate than the LSC in monocotyledons such as the Bamboo
subfamily Bambusoideae, and therefore is potentially more informative (Zhang et al.
2011). Phylogenetic analyses based solely on these discrete regions of the chloroplast
genome confirmed this to be the case for Begonia also. However, phylogenetic
analyses (chapter 4) revealed that a combination of regions from both the LSC and the
SSC might provide better resolution at different levels amongst American Begonia
species. It was therefore decided that two regions would be chosen for further
evaluation, one each from both the LSC and the SSC regions.
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5.1.1

Phylogenetically informative chloroplast regions

Preliminary phylogenetic analyses (chpt 4.5.5) determined that Regions 21 and 24
contained a level of sequence divergence that could be appropriate for phylogenetic
analyses at the species level in Begonia. Region 21 is in the SSC, position 138,658 –
139,461 bp (figure 4.10) in the Begonia chloroplast alignment (Appendix), spanning
the non-coding region between the genes ndhI and ndhG. Many studies are now
highlighting the potential of non-coding regions within the SSC as putative sequences
for phylogenetic analyses (Zhang et al. 2011). Region 24 spans the non-coding region
between rpoB and trnC-GCA from position 27734 - 28931 bp in the LSC (Figure
4.10). An expanded area encompassing region 24 (rpoB – psbD, 28 – 36 Kb), has
recently been reported by Wang and Messing, (2011) as a highly divergent region in
the subfamily Lemnoideae, however their comparative chloroplast analysis was
amongst genera rather than amongst species (Wang & Messing 2011).

5.1.2

Effects of missing data on phylogenetic analyses.

There have been a number of studies assessing the effects of missing data on
phylogenetic analyses (Wiens & Morrill 2011; Wiens 2006; Wiens & Moen 2008;
Philippe 2004). There seems to be a general preference (personal observation of
published datasets) to exclude partial datasets (sequences with missing data) during
phylogenetic analyses with the reasoning being that this often leads to poorly resolved
and weakly supported trees, (Huelsenbeck 1991). However previous studies by
Philippe et al, (2004) have demonstrated that addition of highly incomplete taxa can
be accurately placed as long as there are a number of sufficiently complete characters.
Philippe et al resolved relationships between Metazoa and other eukaryotic organisms
by including sequences for several species that had large-amounts of missing data
(approximately 25%), and through different analyses, they were able to verify that
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their resulting phylogenies were not sensitive to missing data (Philippe 2004). To
follow on from this, Wiens, (2006) simulated MP, ML, NJ and BI on a 16-taxon
asymmetric dataset in which 12 of the taxa were removed and reintroduced with
varying levels of missing data. The addition of highly incomplete taxa (95% missing
data) increased the accuracy substantially for model-based methods (ML, BI and NJ)
compared to all data being removed, however, the MP analysis was unable to
reconstruct the accurate tree owing to long-branch attraction. In a later study, Wiens
and Morrill (2011), demonstrated that the exclusion of incomplete data may itself lead
to inaccurate tree topologies, whereby inclusion of highly incomplete data can be
beneficial in tree construction and the taxa from incomplete datasets can often be
placed accurately in Bayesian analyses. There is still much debate about the effects of
missing data in phylogenetic reconstruction, so data generated in this thesis is used to
test the effects of varying levels of missing data in phylogenetic tree analyses.

5.2

Materials and methods

5.2.1

Taxon sampling

A total of 66 accessions of Begonia, listed in the appendix, Table A1, were selected
for phylogenetic analysis, including four unidentified species, AT444, AT665, AT689
and AT663 (Courtesy of A. Twyford) to determine whether phylogenetic data would
be suitable to assist with potential identification of these species. DNA was extracted
as previously described (Chapter 2.2.1).

5.2.2

PCR and Sequencing

Preliminary tests were performed with R21 and R24 primer pairs (Table 5.1) to assess
initial primer design, effectiveness of amplification and success of DNA Sanger
sequencing. PCR reactions were set up using B. peltata and B. stigmosa genomic
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DNA as a template for both R21 and R24 primer pairs using protocol and PCR, Table
5.2 and 5.3.
!8SV"8-%1V"Region_24_Rv
Region_24_Fw
Region_21_Rv
Region_21_Fw
R24_A.R

Y"\]";0"-7^-K-)^CGCCTTACCGCTCGGCCAT
CCCTGATCAATGAACCTRCAA
TGCTTTGGGTCGTTTACCAAT
ACCAGCAAAGTAACTCCACTT
GAACAGCACATGTTGTGCTC

Table 5.1 Region 21 and Region 24 primer sequences

!?4-4"10/S&;:6-_-!?4-=]JJ"8W.?#('%P!AQ%>-!8SV"8*+,a(`Wb!8SV"8*4,a(`WbQSA/S##"'-U1/"8W&#*P1\-

_::*(-`#:-`#:-`#:-`#:*(7-`#:*(7-`#7*2-`#6*67-`#-

.
Table 5.2 PCR reaction mix for Region 21 and Region 24 primers

!?4-!8&.81VB7c?B7c?77c?2(c?2(c?Ic?-

-7-VS;A:-VS;:-VS;:-VS;-I7A"0I-VS;Ad-

-_-:-0L0#"-_-)7-0L0#"A-_-:-0L0#"--

Table 5.3. Thermocycle program for Region 21 and Region 24 PCR
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PCR products were loaded onto a 1% agarose gel in 0.5 X Tris boric acid EDTA
(TBE) buffer in two different amounts (2!l and 8!l), and subjected to gel
electrophoresis for one hour at 100 volts, (chapter 2.2.3). PCR products were cleaned
using the SAP Exo I protocol, (Table 5.3) as recommended by The Genepool
sequencing facility, Edinburgh but with some modifications detailed below. Reagents
used are Shrimp Alkaline Phosphatase (Amersham, Cat No. E70092Z) and
Exonuclease I (New England Biolabs, Cat No. MO293S). A mastermix of SAP Exo I
was made to required volume (Table 5.4) and a 2!l aliquot was added to 5!l of PCR
product, mixed and briefly pulsed in a microcentrifuge. The samples were then
subjected to the PCR clean-up cycle on a thermocycler, Table 5.5. Sanger sequencing
using BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Inc.,
Foster City, CA). The samples were processed on an ABI prism 3730 automated
sequencer (Applied Biosystems, Inc., Foster City, CA).
Sequences were imported into Geneious software for editing and assembling of
consensus sequences. Sequences were aligned into a sequence matrix using Geneious
alignment with cost matrix: Blosum62; Gap open penalty: 12; Gap extension penalty:
3; Alignment type: Global alignment with free end gaps. The alignments were
visually inspected and manually adjusted and exported for analysis in the relevant
formats. Datasets were subjected to analyses using maximum parsimony, maximum
likelihood and Bayesian methods using PAUP, PhyML and MrBayes (Swofford 2002;
Guindon & Gascuel 2003; Huelsenbeck & Ronquist 2001).
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Y>!-R_&-:-W1A/"8VS_Y>!-QS#]/S&;-=]JJ"8Y>!-a:GbR_&-:-a:Gb-

:-Y1V9#":*I(7-`#:-`#6*62I-`#-

:-!#1/"--aBCY1V9#"Ab:I(*7-`#:66-`#2*7-`#-

Table 5.4 SAP Exo 1 PCR clean-up Mix

Y>!-ReO:-!?4-?L0#")2c?36c?Ic?-

I6-VS;:7-VS;Ad-

Table 5.5 Thermocycle for SAP Exo1 clean-up reaction

K"F"!

^AA%3'8/.A/9-88-*4/6,',/using region 21 and region 24 as a test case./

The first dataset (hereby referred to as dataset 1) consists of the large-scale Begonia
genome alignment with the full-length matrices from Region 21 and Region 24
concatenated onto the end, to give a total of 52 taxa with an alignment length of
149,094 bp, however 36 taxa only had 2,245 bp present in this dataset, making the
amount of missing data approximately 98.5% for these samples. It is important to note
that all sequences identified in the large-scale alignment from Region 21 and 24 were
reproduced in the alignment dataset of the full-length matrices from Region21 and 24,
this was to provide necessary overlap between all species. An alternative method
would have necessitated the alignment of Region 21 and 24 sequences into the correct
position in the large-scale alignment, however this would have been computationally
intensive and slow.
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The second dataset (hereby referred to as dataset 2) is a merger of all the full length
and incomplete sequences from Region 21 and 24 only. This is to compare the effect
of missing data in the phylogenetic tree to the results produced previously with the
full-length sequence matrix of Region 21 and 24 (chapter 5.2.5). This dataset had 75
taxa with an alignment length of 2,148 bp but with varying levels of missing data.

The concatenated datasets were subjected to Bayesian analysis under the settings
described in chapter 5.2.5. Bayesian analysis was used as this was reported to give the
most reliable results for incomplete datasets (Wiens & Morrill 2011).

5.2.4
Assessment of the phylogenetic utility of the trnL Intron in comparison to newly selected
chloroplast markers.

The trnL intron is located at position 74418-75017 in the large-scale chloroplast
genome alignment with a total aligned length of 537 bp. Sequence data was present
for only 12 species, but included most of the species sampled from sect. Gireoudia
apart from B. stigmosa. The trnL intron matrix was subject to ML and BI
phylogenetic analyses (see chapter 2.3.5 for methods).

5.2.5

Begonia Distribution Maps

5.2.5.1 Begonia species Locality data

Locality data for Begonia species were extracted from the Tropicos database,
(http://mobot.mobot.org/W3T/Search/classicvast.html).

To

extract

the

digital

coordinates, a relevant search term was used, i.e Begonia sericoneura. Once the
database had returned hits, the option ‘specimen lists and maps’ was selected. From
this page, ‘Google Maps’ was selected, this opened the Google Earth website
(http://earth.google.com/), and gave a distribution map of the specified species. In
order to extract this distribution date for further manipulation in ARCmap, the ‘source
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page’ from the Google map was copied and pasted into the Smultron text editor,
(http://www.macupdate.com/info.php/id/15114/smultron). The data was opened into
an Excel sheet, as a tab delimited file. This converted data was again copied into the
text editor. The converted data was then opened as a semicolon delimited file into
Excel and transposed. Once the digital coordinates had been determined, each Excel
Worksheet was saved independently as a ‘dbf 4 (dbase IV)’ format. This is the format
compatible with ARCmap software.
5.2.5.2 ARCmap Software

ArcMap is a component of ESRI's ArcGIS Geographical Information System (GIS).
The core technology of ArcGIS is a suite of integrated applications and included in
this is ArcMap. ArcMap is an application used to view and edit geographic data,
query spatial data to find and understand relationships among geographic features,
and create maps, graphs, and reports.
5.2.6

Phylogenetic analysis

5.2.6.1 MrModelTest and Bayesian analysis

MrModelTest v2.2 (Nylander 2004) was used to determine the most appropriate
model of molecular evolution for both Maximum Likelihood and Bayesian analyses.
The general time reversible model (GTR) was chosen for both matrices, with a
gamma shape parameter (G) that can account for different levels of rate variation at
different sites in the sequences (Yang 1996). The parameter (I) was added to the
model to account for the high proportion of invariable sites across the matrix.

K"! /V%82>'8/
5.3.1

Results of Region 21 and Region 24 PCR

The initial trial results of PCRs from primer pairs R21 and R24 were positive with
DNA fragments of the expected size (Figure 5.1 and Table 5.5), and therefore gave
the confidence to test these primers in a larger sample size. The Initial test PCR
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reactions were sequenced with traditional Sanger methods using the same primers as
for amplification. Successful sequence reads were obtained with primers R21.F and
R24.R. As this phylogenetic analysis was a trial to test for phylogenetically
informative regions, R21.R was not used for sequencing, as R21.F was able to
amplify the full-length sequence read. However, the longer sequence length of region
24 necessitated two sequencing primers, unfortunately the primer R24.F did not work
for Sanger sequencing and an alternative internal primer was designed, named
R24_A.R in order to obtain full length reads, Table 5.1.
1

2

3

4

5

6

7

8

9

!
Figure 5.1: Lanes 1-4 =Region 21 (B. peltata 2!l; B. peltata 8!l; B. stigmosa 2!l;
B. stigmosa 8!l). Lanes 5-8 = Region24 (B. peltata 2!l; B. peltata 8!l; B. stigmosa
2!l; B. stigmosa 8!l). 1 kb plus DNA ladder NEB – 5!l

Primer Pair
Region 21
Region 24

Expected Size
Fragment obtained
804 bp
~800 bp
1223 bp (American sp)
~1.25 kb
~1360bp (African & Asian sp)

Table 5.5 Region 21 and Region 24 fragment sizes.
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5.3.2

Sequence Data Statistics

5.3.2.1 Region 21

The aligned matrix for Region 21 consisted of 66 taxa with a length of 743 characters,
552 identical sites, 72 variable characters are parsimony-uninformative and 119 are
parsimony-informative. The whole alignment had a pairwise identity of 95.4%. Figure
5.2, 5.3 and 5.4 show the trees from the MP, ML and Bayesian Inference (BI)
analyses of Region 21.
5.3.2.2 Region 24

The aligned matrix for Region 24 consisted of 46 taxa with a length of 1502
characters, 1246 identical sites, 122 variable characters are parsimony-uninformative
and 134 are parsimony-informative sites. The whole alignment had a pairwise identity
of 92.4%. Figures 5.5, 5.6 and 5.7 show the trees from the MP, ML and BI analyses
of Region 24.
5.3.2.3 Concatenation of Region 21 and Region 24

A set of full-length sequences obtained for the same samples in both regions 21 and
24 were aligned, concatenated and subjected to phylogenetic analysis using MP, ML
and BI. The concatenated aligned matrix for Regions 21 and 24 consisted of 36 taxa
with an alignment length of 2245 characters, 1866 of which were identical, with 173
were variable characters but parsimony-uninformative and 206 were parsimonyinformative. The whole alignment had a pairwise identity of 89.9%. Figures 5.8, 5.9
and 5.10 show the trees from the MP, ML and BI analyses of concatenated datasets
for Regions 21 and 24.
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Figure 5.2 Maximum parsimony 50% majority rule analysis of Region 21 alignment.
Maximum Parsimony Statistics: Tree length= 370; Consistency Index (CI) = 0.6243; Homoplasy
Index (HI) = 0.3757; CI excluding uninformative characters = 0.5240; HI excluding
uninformative characters = 0.4760; Retention Index (RI) = 0.7522; Rescaled consistency Index
(RC) = 0.4696
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Figure 5.3 Maximum likelihood analysis of Region 21 alignment using the evolutionary
model. GTR+I+G and determination of a 50% majority rule consensus tree.
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Figure 5.4 Bayesian inference analysis of concatenated Region 21 alignment using the
evolutionary model. GTR+I+G.
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Figure 5.5 Maximum parsimony 50% majority rule analysis of Region 24 alignment. Maximum
Parsimony Stats: Tree length= 383; Consistency Index (CI) = 0.7493; Homoplasy Index (HI) =
0.2507; CI excluding uninformative characters = 0.6279; HI excluding uninformative
characters = 0.3721; Retention Index (RI) = 0.8283; Rescaled consistency Index (RC) = 0.6207
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Figure 5.6 Maximum likelihood analysis of Region 24 alignment using the evolutionary model.
GTR+I+G and determination of a 50% majority rule consensus tree.
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Figure 5.7 Bayesian inference analysis of Region 24 alignment using the evolutionary model.
GTR+I+G.
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Figure 5.8 Maximum parsimony 50% majority rule analysis of concatenated Region 21 and
Region 24 alignment . Maximum Parsimony Stats: Tree length= 563; Consistency Index (CI) =
0.7620; Homoplasy Index (HI) = 0.2380; CI excluding uninformative characters = 0.6510; HI
excluding uninformative characters = 0.3490; Retention Index (RI) = 0.7880; Rescaled
consistency Index (RC) = 0.6004.
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Figure 5.9 Maximum likelihood analysis of concatenated Region 21 and Region 24 alignment
using the evolutionary model. GTR+I+G and determination of a 50% majority rule consensus
tree.
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Figure 5.10 Bayesian inference analysis of concatenated Region 21 and Region 24 alignment
using the evolutionary model. GTR+I+G.
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5.3.3

Results of analysis of new phylogenetic regions.

Analysis of the phylogenetic trees for Region 21, Region 24 and a concatenated
matrix of both regions have produced congruent topologies with the presence of three
major clades, labelled A, B and C appearing in may of the trees (Figures 5.2 – 5. 10).
Clade A is fully supported in BI analyses and represents all sect. Gireoudia species
that were sampled as well as the species: B. alice-clarkiae, B. imperialis, B.
calderonii, B. ludicra and B. pustulata, which are all placed in sect. Weilbachia.
Clade A had almost full support in each Bayesian analysis (R21: PP 100%, R24: PP
96% and concatenated matrix: PP 100%) and with weak to moderate support in the
ML and MP analyses. This result provides strong evidence for the recent divergence
of sect. Weilbachia from sect. Gireoudia, and to reinstate the sect. Gireoudia as a
monophylectic clade, sect. Weilbachia would need to be sunk within it.
sect. Gireoudia and sect. Weilbachia are currently only distinguished by floral
morphology but do tend to exhibit different architectural structure with sect.
Gireoudia having a propensity for upright rhizomes compared to a trailing, groundhugging form seen in sect. Weilbachia.

Clade B represents a deeper node from which B. dregei (South Africa. sect. Augustia)
is basal to B. angularis (Brazil. sect. Pritzelia), B. solanathera (Brazil. sect.
Solananthera), B. acetosa (Brazil. sect. Pritzelia), B. glandulifera (Trinidad. sect
Begonia), B. purpurea (Jamaica. sect. Begonia), B. wrightiana (Cuba. sect. Begonia),
B. cubensis (Cuba. sect. Begonia), B. lomensis (Cuba. sect. Begonia). Clade B appears
to represent a mainly Caribbean grouping, incorporating all sampled species from
sect. Begonia, and the phylogenetic signal in the trees indicate some geographic
structure with the group exhibiting a South American ancestry.
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An incongruence in this clade is the addition of B. calderoni (El Salvador. sect.
Weilbachia) which is placed in clade A in the R21 analysis along with the other
species from sect. Weilbachia (R24: PP 81%). However, the position in clade B has
only weak support (R24: PP 62%) and thus will be treated as unreliable.

Clade C is the remaining clade that is highly supported in all three BI analyses. This
clade B. albo-picta (Brazil. sect. Gaerdtia), B. olbia (Brazil. sect. Knesebeckia), B.
luxurians (Brazil. sect. Scheidweileria), B. listada (Paraguay. sect. Pritzelia), B.
obscura (Brazil. sect. Pritzelia), B. echinosepala (Brazil. sect. Pritzelia). With the
current sampling, this clade represents a basal South American grouping that includes
B. albo-picta, from sect. Gaerdtia, which reassuringly is a section previously
identified as being the most basal of the American Begonia sections (Forrest 2001).
The species in this clade are currently limited to Brazil and neighbouring Paraguay.

The African species do not form monophyletic lineages and are nested within both
Asian and American lineages. This result supports the conclusions of Plana et al,
(2002) and Forrest et al, (2003), who also reported the paraphyly of African Begonia
(Plana 2002; Forrest & Hollingsworth 2003) and speculated that African Begonia
species were the basal group for the genus.

Individual phylogenetic analyses from R21 and R24 both provided resolution that
varied throughout the tree. R21 gave good resolution at many levels within the tree
whilst R24 only provided resolution at very low levels. However, the combination of
both regions led to highly supported American clades throughout the tree with good
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evidence for at least two independent dispersal events from Africa to America,
placing African species as basal to American Begonia species.

K"!"I

^AA%3'8/.A/9-88-*4/6,',/using region 21 and region 24 as a test case./

5.3.4.1 Phylogenetic Results from Dataset 1

The Bayesian tree from dataset 1 is presented in Figure 5.11. A comparison of the tree
topology from dataset 1 with that from the matrix presented in chapter 5.2.6 (an
alignment consisting of the concatenation of Region 21 and Region 24 matrices
containing only complete sequences), reveals complete congruency between all
previously identified clades (chapter 5.2.7). The addition of the large-scale genome
alignment meant that 36 species had approximately 98.5% missing data in this
analysis, as these species only had 2,245 bp. The fact that the tree topology was
maintained with good support for most nodes indicates that the large-scale Begonia
alignment can potentially be incorporated into additional Begonia chloroplast datasets
that have already been produced which may add additional structure and support to
these phylogenetic trees.
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5.3.4.2 Phylogenetic Results from Dataset 2

The results from dataset 2 are presented in Figure 5.12.

A comparison of tree

topologies was undertaken, and again both sets of trees were fully congruent with
each other with highly supported nodes. The data presented here infers that partial
datasets are well worth adding into analyses, as they do not appear to detract or add
undesirable elements to the analysis as previously proposed by Huelsenbeck (1991).
These results are extremely encouraging and more in-depth analyses with other
datasets from different genomic complements are now needed to establish the
acceptable limitations of this type of data. It maybe owing to the fact that the
chloroplast genome provides a highly conserved overall structure that allows the
accurate incorporation and interpretation of relatively small partial datasets, and under
different circumstances when other genomic datasets are used, such as highly
evolving mitochondrial loci, then depending on the phylogenetic level under study
and the corresponding amount of species diversity, alternative results maybe
experienced.

Owing to the wide sampling of the chloroplast genomic alignment, which
incorporates African and Asian species as well as American, it is foreseen that
additional analyses testing a multi-locus alignment comprising all published Begonia
chloroplast datasets could theoretically produce a highly resolved global phylogenetic
tree for Begonia. The only drawback to this type of analysis would be the handling of
such large amounts of data, as issues with exporting large alignment datasets and
subsequent uploading onto relevant remote computer clusters has been a problem
throughout the studies presented in this thesis.
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The most complete phylogeny consisting of 75 taxa from Dataset 2 was subjected to
further analysis by the addition of chromosome numbers (Figure 5.13), which were
previously determined by Legro and Doorenbos, ( Doorenbos 1969; Doorenbos 1971;
Doorenbos 1973). Dewitte et al, (2011) proposed that the ancestral chromosomal
complement for Begonia is 2n=20-26 (Dewitte et al. 2009). It can be clearly seen that,
apart from B. pustulata, sect. Gireoudia has a consistent number of chromosomes
(2n= 28) throughout the clade, which adds further support to this grouping and also to
the proposed recent speciation of sect. Gireoudia, as under an alternative ancestral
speciation scenario, differences in chromosome number may be expected especially
when consideration of the range of chromosome numbers for American Begonia is
taken in to consideration. However, B. pustulata stands out as having a chromosome
number of 2n=38, although further studies confirming this result, preferably using
markers from another genome, should first be carried out before any detailed analysis
of this difference can be speculated upon. Clade B and C all exhibit diploid
chromosomes numbers above 38 (apart from B. dregei with 2n=26), with most
species having chromosome numbers between 2n=52-56. Owing to the diverse array
of chromosome numbers, it can be concluded that the Begonia nuclear genome is
highly dynamic with additional speculation that polyploidy and chromosome
reduction during genome stabilisation may have played major roles in the speciation
of Begonia.
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Figure 5.13. Dataset 2 cladogram with chromosome numbers indicated.
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Figure 5.14. A maximum likelihood analysis of the trnL intron
extracted from the large-scale Begonia chloroplast alignment.
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Figure 5.15. A Bayesian analysis of the trnL intron
extracted from the large-scale Begonia chloroplast
alignment.

!
!
5.3.5
Assessment of trnL Intron in comparison to newly selected chloroplast markers for
phylogenetic utility.

The aligned matrix for the trnL intron consisted of all available species (12 taxa) with
an alignment length of 537 characters of which 504 are identical, 23 variable ones are
parsimony-uninformative and 10 are parsimony-informative. The resulting ML and
BI phylogenetic trees are presented in Figures 5.14 and 5.15 and indicate poor
resolution in both trees. The Bayesian tree produced the most support with two nodes
that were highly supported, the first node providing the grouping of the American
begonia species, whilst the second node only supported B. sericoneura, B. plebeja
and B. conchifolia, with these three species being particularly difficult to separate in
all previous analyses. This small group was also reflected in the ML analysis and is
the only well-supported node in the tree (Figure 5.14, black arrow). A comparison
between the phylogenetic trees produced using Regions 21 and 24 (Appendix, Figures
A15 and A16) to those produced using trnL intron (Figures 5.14 and 5.15) indicate far
better resolution in Regions 21 and 24, although this could be due to the longer
alignment lengths and hence larger number of informative characters.

A separate like-for-like comparison of matrices (consisting only of species from sect.
Gireoudia) between the trnL intron and regions 21 and 24 was undertaken to explore
the level of utility of the trnL intron for low-level studies in American Begonia, Table
5.6. The analysis reveals only a slightly higher pairwise identity in the trnL intron
(97.2%) than Regions 21 and 24 (96.5% and 97%, respectively), however Regions 21
and 24 had a higher number of parsimony-informative sites (2.1% and 1.9%,
respectively) compared with only 1.3% for the trnL intron.
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Taxa
Alignment Length
Identical sites

trnL Intron

Region 21

Region 24

8

9

9

537

804

1360

522 (97.2%) 776 (96.5%)

1320 (97%)

Parsimony Uninformative sites

8 (1.5%)

11 (1.4%)

14 (1%)

Parsimony Informative sites

7 (1.3%)

17 (2.1%)

26 (1.9%)

Table 5.6 A comparison of the phylogenetic utility of the trnL intron with Region
21 and Region 24 for sect. Gireoudia species.
The phylogenetic utility of the trnL intron compared with the newly designed regions
selected for further study is much lower, however this is only truly apparent when
comparing the structure and support of phylogenetic trees produced from these
regions. It is apparent from work presented in this thesis that an assessment of the
variability alone is not enough when choosing molecular regions for phylogenetic
studies, as the structure, resolution and support of the trees greatly depend on where
and how the informative sites are distributed within the matrix.

5.4

Discussion

The phylogenetic analyses presented in this chapter are the most detailed to date on
Begonia, sect. Gireoudia.. The concatenated alignments of 36 taxa contain 2245 bp of
sequence data comprising two chloroplast regions both of which were newly selected
from the phylogenetic analysis from large-scale chloroplast sequencing (Chapter 4).
An additional phylogenetic tree produced with 75 taxa and containing an incomplete
dataset was also presented in chapter 5.3.4. The production of these concatenated
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alignments have provided good structure for sect. Gireoudia in what was previously a
poorly defined group. There are still a number of poorly supported nodes mainly
amongst closely related species, however there is now consistent grouping of three
main clades within sect. Gireoudia (Figure 5.2.5) with better support and structure
than has been seen before, in this (Chapter 2) and previous studies (Plana 2002; Plana
2003; Forrest & Hollingsworth 2003; Clement et al. 2004; Forrest et al. 2005).

A further fully supported and important finding from this study indicates that sect.
Gireoudia is currently paraphylectic with representatives of sect. Weilbachia (Figure
5.10 Clade A; PP:100) nested within it. sect. Weilbachia is well supported as a
monophyletic group within sect. Gireoudia, (Figure 5.10 Clade A, PP:0.9).

Recently collected and unidentified Begonia samples (A.Twyford, RBGE) were
incorporated into this dataset to help with identification. These samples are labeled as:
AT689, AT663, AT665, and AT444. According to the tree produced from Dataset 2,
AT663 and AT665 are both currently placed in group 2 of sect. Gireoudia in Clade A.
This is consistent with the preliminary identification of these species as being
representative of this section (A. Twyford, Personal communication.). The remaining
two species, AT444 and AT689 both group in clade A, and are nested with species
from sect. Weilbachia. Whilst AT689 was suggested to be in sect Weilbachia from
initial identification, AT444 however was not, and was initially classified as sect.
Gireoudia, although the floral morphology had not been observed. Further
observations on AT444 are required to confirm the sectional placement of this
individual. The results presented here indicate that the new molecular loci developed
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in this study are potentially useful for assignment of unknown Begonia species into
sectional categories.

Distribution maps have been produced for all available data for Gireoudia species,
and current evidence based on the number of species present and their relative
abundance allows us to deduce from the maps that there appears to be two centres of
diversity, one in Costa Rica and the other in southern Mexico. As is evident from
Figure 5.16, there is a large amount of collection data for sect Gireoudia accessions
from Costa Rica, although these results may reflect bias towards easily accessible and
popular locations. Figure 5.17 conversely, does not show an abundance of Gireoudia
collections, but depicts a region in Mexico containing the highest number of different
species, many of which appear to be endemic to this region. As mentioned previously,
a paucity of collection data for other regions may be responsible for this conclusion,
however, Mexico is biologically recognized as one of the most diverse countries in
the world with about 10% of the genera and 52% of the species classed as endemic
(Toledo et al. 1993), therefore, this conclusion fits with expectations.

Distribution maps can be used together with phylogenetic trees to infer modes of
speciation and historical processes that have led to the current distributions of taxa
(Graham et al. 2004), and Hughes and Hollingsworth (2008), interpreted populationlevel data to be consistent with macroevolutionary patterns in Begonia (Hughes &
Hollingsworth 2008).
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The phylogenetic patterns presented in this chapter broadly fit the theory of limited
seed dispersal and isolation-by-distance that was evident form population genetic
studies of Begonia species. The phylogenies indicate a clustering-effect whereby a
number of endemic species are associated with one or two widespread taxa. This is
consistent with speciation occurring after widespread species have provided founding
populations, with divergence occurring in alternative niches.

5.5

Concluding remarks

This study has demonstrated that next generation sequencing of whole chloroplast
genomes using multiplexing is a successful and cost-effective way to identify new
molecular markers for the production of datasets useful for phylogenetic studies at
population, species and sectional levels. As previously discussed in this chapter, two
potentially phylogenetically informative regions were chosen from large-scale
chloroplast genome sequencing of sixteen Begonia species. These two regions,
Region 21 and Region 24 were selected based on their potential phylogenetic utility
and high levels of variability in a relatively small portion of the chloroplast genome
and hence, an easily sequenced region. These newly designed molecular markers were
trialled on a total of 66 species, though sequencing was not fully complete for all
samples. The phylogenetic analyses produced robust, well-supported and wellresolved groupings, identifying three distinct clades within the current sampling for
American Begonia species. These new markers were also able to provide evidence
that sect. Weilbachia is indeed nested within sect. Gireoudia, a hypothesis previously
only speculated about owing to limited data. The dataset of the concatenated regions
21 and 24, provided the best supported analyses for sect, Gireoudia (Figures 5.8 5.10). The Bayesian analysis of this dataset provided more support and structure than
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either of the traditionally used trnL or ITS molecular markers. Further studies with a
more comprehensive sampling strategy using the new molecular markers will fully
assess the utility of these markers however this work is beyond the scope of this
thesis.

It is well known that rates of mutation vary between the different plant genomes;
chloroplast, mitochondria and nuclear (Wolfe et al. 1987), however in comparison,
studies into rates of mutation between the different regions of a genome, such as the
chloroplast are far fewer. Work undertaken in this thesis was able to assess the rates
of mutation for the differently defined regions of the chloroplast and indeed confirm
the levels of variability for Begonia.

The datasets were also subjected to phylogenetic experimentation in order to
understand the effects of missing data in chloroplast phylogenetic analyses, the results
of which should be explored further in future analyses of Begonia. The phylogenies
presented in this chapter were examined in conjunction with distribution data
allowing further speculation into putative environmental scenarios that may help
inform us as to how Begonia species in sect. Gireoudia colonised and speciated
throughout Mesoamerica.
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Chapter 6. General Discussion

6.1

Begonia Phylogenetics

It is often very difficult to determine the phylogenetic relationships of plants that have
been subject to a recent or explosive radiation within the past few million years. The
difficulty lies in the low sequence variation, and in identifying a good location of
variation in a genome, often termed ‘hotspots’. These hotspots are not always the
same between plant genera and previously identified molecular markers in one group
do not always provide good phylogenetic markers for a different plant group. This
thesis presents a novel method for new marker discovery that identifies
phylogenetically informative regions for population level, species level and sectional
level phylogenetic studies of American Begonia with particular emphasis on sect.
Gireoudia.

Considerable advancement in the knowledge of the phylogeny of Begonia has been
made, mainly in African and Asian lineages ( Forrest 2001; Plana 2002; Plana 2003;
Forrest & Hollingsworth 2003; Clement et al. 2004; Forrest et al. 2005; GoodallCopestake 2005; Goodall-Copestake et al. 2009; Goodall-Copestake et al. 2010;
Thomas 2010; Thomas et al. 2011). Previous preliminary studies of African and
Asian Begonia incorporated low-density sampling of American Begonia (up to 11
species), but identified incongruence between the mitochondrial and chloroplast
datasets, (Forrest & Hollingsworth 2003; Goodall-Copestake et al. 2010). To explain
this result, Forrest et al (2003), proposed the original colonist of the American
begonias was a hybrid. It is clear that further phylogenetic studies examining the
mitochondrial and nuclear genomes need to be undertaken in order to fully understand
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this result and to resolve the incongruence seen between the genomic complements of
American begonias.

The data presented in this thesis is a first step to: understanding and defining the
relationships within the Neotropical sect. Gireoudia and of its relationships to other
sections; to provide a framework on which to base evolutionary hypotheses such as
those aimed at understanding the evolution of morphological traits; and to provide a
well resolved phylogeny in order to assess the impact of historical environmental
changes on speciation.

6.2
Development of resources for phylogenetic and genomic research in
Begonia
Next generation sequencing is a groundbreaking development in biotechnology that is
pushing the boundaries of research in many disciplines from whole genome
sequencing of an organism through to the sequencing of unculturable microbial
communities and beyond, comprehensively discussed in chapter 3. The development
of cheaper, high-throughput sequencing has been essential to the development of
genetic resources for evolutionary and ecological studies in non-model organisms and
Begonia is an example. Recent work by Brennan et al (Brennan et al., 2012.) led to
the development of a genetic map for B. conchifolia and B. plebeja, produced from
the genetic analysis of a backcross mapping population between those species. The
genetic map was created using AFLP analysis and SNPs derived from transcriptome
sequence and genotyped using the patented SNP genotyping system, KASPar
(http://www.kbioscience.co.uk/reagents/KASP.html). When this information was
combined with the phenotypic data of the mapping progeny, it enabled the
identification of developmental quantitative trait loci (QTL) to be determined. This
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information provides key candidate developmental genes for further evaluation in
order to understand the evolutionary genetic processes in Begonia. Brennan et al,
have complemented this work by the addition of three transcriptomes; B. conchifolia,
B. plebeja and B. venusta along with a genome sequence of B. conchifolia. This work
was undertaken in order to provide the genetic resources necessary for evolutionary
studies in a tropical non-model organism, and where this current study of Begonia
phylogenetics plays a large part by providing the necessary framework to understand
the relationships between the species utilized.

6.3

Future work

The current identification of a number of suitable molecular markers for the study of
phylogenetics in Begonia, particularly Neotropical lineages means a comprehensive
phylogenetic analysis can now be undertaken to fully understand how American
Begonia have evolved throughout Mesoamerica.
In order to understand the full history of the genomic complement in Begonia species
in sect. Gireoudia, additional studies into nuclear and mitochondrial genome
evolution are required, all of which are now feasible and partly underway. The
sequencing of the genome of B. conchifolia (C. Kidner, Personal Communication.)
along with the transciptomes of B. conchifolia, B. plebeja and B. venusta, will allow
new investigations into many aspects of Begonia evolution. Analyses based on these
new datasets may include the evolution of developmental pathways, such as those
involved in the development of leaf shape (Kidner & Umbreen, 2010; Umbreen,
2011) and the identification of new low-copy or single copy nuclear genes for
phylogenetic studies. This list is by no means exhaustive and with genome sequencing
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becoming evermore cheaper, faster and more comprehensive i.e longer and better
reads, and increased fragment sizes in paired-end and mate-pair reads (which will
allow better scaffolding of contigs), the transferability of knowledge from model
organisms into non-model species is becoming increasingly possible.

6.4

Concluding remarks

This thesis presents a framework for the discovery and development of new and more
importantly, suitable molecular markers for phylogenetic studies in Begonia. It is an
important step in the development of methodological advances that will enable
researchers to understand and select phylogenetically informative markers for nonmodel species for which little information is known. Already, the data produced in
this thesis has been used for the development of simple sequence repeat (SSR)
markers in population genetic studies of Begonia (Twyford & Kidner 2012), and will
also inform the development and direction of a new global Begonia phylogeny (M.
Hughes and J. Richardson, RBGE personal Communication). Additional studies are
currently underway that are testing the phylogenetic utility of the conserved
chloroplast primers in other species including monocotyledons, and in which initial
results have already indicated a good proportion of transferability of these primers in
a number of Cordyline species (L. Wenger, University of Reading, personal
Communication).
The information provided in the phylogenies presented in this thesis can be used in
conjunction with morphological studies of quantitative trait analysis, analysis of
morphological diversity, and many more including informed breeding applications
such as the success of interspecific crosses.
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There are now increasing numbers of research groups and consortia that are taking the
lead in the development of genomic resources for non-model species, species such as
the tropical tree genus Inga; where previous resolution of species using morphological
and traditional molecular marker data proved difficult, a new ‘genomics’ approach of
generating new molecular markers from transcriptomes is now underway (T.
Pennington, RBGE, personal Communication), with other examples to include the
sequencing of herbarium material (M. Staats, personal Communication).
Many studies focusing on developing molecular markers for evolutionary and
taxanomic studies using next generation sequencing are now beginning to emerge.
Successful identification of single-copy or low-copy markers have been developed in
a range of organisms from bacteria and insects through to birds and angiosperms (Vos
et al. 2012; Ren et al. 2012; Gao et al. 2012; Zhang et al. 2012), and this paves the
way for other studies by providing new methods and techniques applicable to
phylogenetic studies on a wide range of organisms.

Recent methods that have combined traditional cloning and Sanger sequencing with
high throughput next generation sequencing techniques to provide high quality
genomes sequences include those of Xu et al, 2012 who sequenced 12 cotton
(Gossypium spp.) chloroplast genomes for the study of alloploids. Xu et al generated
fosmid libraries with 35-50 Kb inserts derived from fragmented total genomic DNA
and screened the libraries using probes designed from a previously sequenced
Gossypium species. In this manner, they were able to identify clones that contained
only chloroplast DNA and then each clone set was pooled and sequenced using
Illumina sequencing. This method quickly provided 12 draft chloroplast genomes for
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evolutionary studies and is highly applicable to many non-model organisms (Xu et al.
2012).

New approaches to phylogenetic molecular studies are continually being developed
and improved, with recent developments including a novel method for inferring
phylogenies from restriction-site associated DNA (RAD) sequence data (Rubin et al.
2012). The utility of RAD sequencing was first demonstrated by Baird et al (2008)
who mapped the genetic basis of lateral plate armour loss in threespine stickleback
fish (Baird et al. 2008), a detailed explanation of the theory behind RAD sequencing
can be found in chapter 3. Rubin et al, (2012) simulated the use of this technique as a
proof-of-concept workflow in which they simulated the extraction of informative data
(from existing RAD sequences available for different organisms) and then used this
data to accurately reconstruct “known” phylogenies of each species within the group.
The results from this series of experiments indicate that RAD sequencing in this
manner holds great promise for phylogenetic inference, and seemed to be especially
effective for younger clades where a greater number of orthologous restriction sites
are retained across species. This emerging method is finding wide applications in
many disciplines, as it is a way of providing a reduced-representation of the total
genomic complement of a cell (with sampling that incorporates all organelle genomes
by default), and therefore has the potential to accurately represent the evolutionary
history of an organism.

As discussed previously (chapter 3), the impetus for advancement in sequencing
technologies is currently driven by medical research, as this is where significant
funding and investment has been made, however in general, there is no barrier to the
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transferability of these technologies to other disciplines, apart from a small time lag.
This is very true of single molecule sequencing (chapter 3.6.), whilst still under
development, the potential for this technology to revolutionise the whole sequencing
and assembly process of next generation sequencing is immense. Genome sequencing
of non-model organisms, especially those with extremely complicated genomes as is
often the case for plants, (e.g polyploidy genomes) will be made many times easier
through the assembly of large contiguous sequences.

These are only a few examples of how a major breakthrough in technology such as
next generation sequencing, can greatly impact, not only studies in phylogenetic,
evolutionary and taxonomical research, but also completely change the whole
direction of biological research across the world, from understanding basic cellular
functions and processes, to developing new disease resistant and stress resistant crops,
through to personalized medicine, and as such there are now many new and exciting
prospects and challenges ahead for future.
!
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Appendix 2. Table of Begonia species used in this study and accession number.

Species

R21 & R24
(Replicate
codes)

ITS & TRNL
(Replicate
codes)

RBGE DNA
Number

Begonia spp 8

20082084

Begonia aff squarrosa

AT 1075

Begonia aff stigmosa

AT 1101

Begonia aff. Imperialis

AT 423

Begonia alice-clarkiae

20110203

Begonia almedana

AT 264

Begonia spp 7
Begonia barkeri x Begonia
incarnata

AT 689
EDNA08-01496

Begonia bogneri
Begonia bogneri

RM-080299
19860844
19860844

Begonia breedlovei

EDNA08-01481

RM-08-306

Begonia calderonii

AT 456

Begonia calderonii

20100288

Begonia cardiocarpa

EDNA06-04671

20051398

Begonia carolineifolia

1

EDNA06-04331

GL00108299

Begonia carolineifolia

3

EDNA07-02152

RM-03-58

EDNA08-01482

RM-08-296

Begonia carolineifolia
Begonia carolineifolia

2

EDNA08-01483

RM-08-310

Begonia carolineifolia

4

EDNA08-01502

RM-03-60

Begonia carolineifolia

5

AT 586

Begonia carolineifolia

20042077

Begonia carrieae

2

EDNA06-04677

20051408

Begonia carrieae

1

EDNA06-04034

019-088-83

Begonia cf fimberiata

AT 676

Begonia cf ludicra

AT 680

Begonia conchifolia

1

Begonia conchifolia

2

Begonia conchifolia

3

AF534718
EDNA06-04327

20042082
20091107

Begonia conchifolia

20042082

Begonia convalliaradora
Begonia dregei

1

AF469126

Begonia dregei

2

20000905

Begonia faustiinoi
Begonia fusca

!

Accession/Collector
number

EDNA07-02220

RM-CR-10

AT 500
20100269

"($!

Species

R21 & R24
(Replicate
codes)

ITS & TRNL
(Replicate codes)

Begonia glandulifera

RBGE DNA
Number

Accession/Collecto
r number

EDNA08-01505

20030500

Begonia glandulifera

20030499

Begonia heracleifolia

4

Begonia heracleifolia

1 (a & b)

Begonia heracleifolia
Begonia heracleifolia

2

Begonia heracleifolia

AF485206
EDNA06-04336

20042080

EDNA08-01484

RM-08-300

EDNA08-01485

RM-08-314

EDNA08-01486

RM-08-314B

Begonia heracleifolia

20091096

Begonia heracleifolia

1

5

AT 46

Begonia heracleifolia

2

6

AT 506

Begonia heracleifolia
Begonia heracleifolia
Begonia heracleifolia
var. nigricans
Begonia heracleifolia x
Begonia breedlovei
Begonia heracleifolia x
Begonia nelumbifolia
Begonia heracleifolia x
Begonia nelumbiifolia
Begonia heracleifolia x
Begonia sarcophylla
Begonia
hydrocotylifolia
Begonia
hydrocotylifolia

AT 597
EDNA07-02151

20091097
EDNA08-01501

RM-08-322

1

EDNA07-02150

RM-04-119A

2

EDNA08-01499

RM-08-361

EDNA08-01500

RM-08-321

EDNA06-04673

20030641

2

2

1

1

AT 596

Begonia imperialis

002-089-79

Begonia imperialis

20070425

Begonia involucrata

7

EDNA07-02213

RM-CR-1

Begonia involucrata

5

EDNA07-02214

RM-CR-2

Begonia involucrata

4

EDNA07-02215

RM-CR-19

Begonia involucrata

6

EDNA07-02216

RM-CR-24

Begonia involucrata

3

AF485208

Begonia involucrata

2

AF485209

Begonia involucrata

1

004-100-57

Begonia involucrata
Begonia kellermanii

20070426
EDNA06-04672

Begonia kellermanii
Begonia lindleyana
Begonia lindleyana

!

RM-04-118

20030642
20091110

EDNA06-04328

20051412
20051412

"(%!

Species

R21 & R24
(Replicate
codes)

ITS & TRNL
(Replicate
codes)

RBGE DNA
Number

Begonia listada

19691814

Begonia ludicra

20110202

Begonia luxurians

EDNA06-04678

19685494

Begonia lymann-smithii

EDNA06-04675

Begonia macdougallii
Begonia maculata
'Wightii'

EDNA07-02154

GL00315594
Cultivated - Fort
Worth BG
19891579

Begonia manicata

2

AF485211

Begonia manicata

4

EDNA07-02149

Begonia manicata

3

EDNA07-02155

RM-03-88
Cultivated - Fort
Worth BG

Begonia manicata
Begonia manicata x
Begonia heracleifolia
Begonia manicata
'Crispa'
Begonia manicata x
Begonia carolineifolia

1

EDNA08-01487

RM-08-295

EDNA08-01497

RM-08-298
20091103

EDNA08-01498

RM-08-297

Begonia mariti

EDNA08-01488

RM-08-352

Begonia mazae

EDNA06-04679

19551057

Begonia mazae

20090113

Begonia mazae

20091105

Begonia mazae

AT 430

Begonia multinervia

2

EDNA06-04334

20051411

Begonia multinervia

1

EDNA07-02217

RM-CR-44

Begonia multinervia

3

20071055

Begonia multistaminea

20071056

Begonia nelumbifolia

2

EDNA06-04337

19791880

Begonia nelumbiifolia

1

EDNA08-01489

RM-08-312

Begonia nelumbiifolia

1

AT 296

Begonia nelumbiifolia
Begonia nelumbiifolia x
Begonia heracleifolia

2

19791888
EDNA08-01503

RM-05-13

Begonia peltata

3

Begonia peltata

2

EDNA07-02158

RM-05-198

Begonia peltata

1

EDNA06-04332

2004078

AF485210

Begonia peltata

20091111

Begonia peltata

AT 593

Begonia peltata

20110197

Begonia pinetorum

!

Accession/Collector
number

1

EDNA07-02157

RM-04-123

"(&!

Species
Begonia pinetorum
Begonia pinetorum x
Begonia carolineifolia
Begonia pinetorum x
Begonia carolineifolia

R21 & R24
(Replicate
codes)

ITS & TRNL
(Replicate
codes)

RBGE DNA
Number

2

AT 329
EDNA07-02153

RM-04-116

EDNA07-02153

RM-04-116

Begonia plebeja

20071054

Begonia plebeja

AT 1079

Begonia plebeja

1

Begonia plebeja

2

20091104
2

Begonia polygonata
Begonia polygonata

1

EDNA06-04335

20051406

EDNA08-01490

RM-08-313

EDNA08-01491

RM-08-316

Begonia popenoei

20110200

Begonia pringlei

EDNA06-04674

Begonia pruinata
Begonia
pseudodaedalea

20042081
040-103-83
AT 1065

Begonia pustulata
Begonia pustulata
'Argentea'

EDNA07-01925

022-124-82
20070380

Begonia sarcophylla

1

Begonia sartorii
Begonia sartorii

EDNA06-04330

20051409

EDNA08-01507

GL00405604

1

Begonia sericonaeura

AT 448
EDNA06-04329

20051412

Begonia sericoneura

7

EDNA07-02156

RM-05-203

Begonia sericoneura

4

EDNA07-02218

RM-CR-20

Begonia sericoneura

3

EDNA07-02219

RM-CR-21

EDNA07-02222

019-123-70

EDNA07-02224

GL00808679

Begonia sericoneura

EDNA07-02226

018 05499

Begonia sericoneura

EDNA07-02227

100912482

EDNA07-02229

004 00185

Begonia sericoneura
Begonia sericoneura

5

Begonia sericoneura

8

Begonia sericoneura

2

AF485205

Begonia sericoneura

1

009-124-82

Begonia sericoneura

6

Begonia sericoneura
Begonia sericoneura
Begonia sericoneura
(central)
Begonia socotrana

!

Accession/Collector
number

2

EDNA08-01492

RM-08-315
20051410
AT 1110

9

9

AT 857
20000325

"('!

Species

R21 & R24
(Replicate
codes)

ITS & TRNL
(Replicate
codes)

RBGE DNA
Number

Begonia solananthera

1

AF485159

Begonia solananthera

2

AF485160

Begonia solananthera

19991101

Begonia soli-mutata

20110208

Begonia sousae

1

EDNA08-01493

Begonia sousae

RM-08-359
20100290

Begonia spp.

6

AT 665

Begonia spp.

4

AT 663

Begonia spp.

AT 677

Begonia spp1

5

AT 444

Begonia squarrosa

20071058

Begonia stigmosa

EDNA06-04333

Begonia thiemei

2

Begonia thiemei

1

1

Begonia thiemei
Begonia varipeltata

3

3

20051413
AF485157

EDNA06-04338

20042079
AT 422
20040641

Begonia venusta

20021596

Begonia violifolia
Hillebrandia
sandwichensis

004-055-87

Unknown Begonia
Unknown Begonia Mexico
Unknown Begonia Panama
Unknown Begonia Panama
Unknown Begonia UB
535
Unknown Begonia UB
535
Begonia socotrana
Begonia bogneri

!

Accession/Collector
number

EDNA08-01504

1264-2005

2

EDNA07-02221

RM-CR-15

9

EDNA07-02228

003 117-83

EDNA07-02223

ABS U205 03704489

1

EDNA07-02230

028044-89

3

EDNA08-01494

RM-08-339

EDNA08-01495

RM-08-342
20000325
19860844

"(+!

Appendix 3. Table of Begonia trnL sequence data from Genbank used in this
study and accession number.

Genbank Accessions - trnL
Intron
Begonia aequata
Begonia cathayana
Begonia crassirostris
Begonia dregei
Begonia fallax
Begonia floccifera
Begonia homonyma
Begonia longifolia
Begonia roxburghii
Begonia socotrana
Begonia solananthera
Begonia sutherlandii
Begonia violifolia
Symbegonia sanguinea

!

Accession
Number
AY238592
AY091818
AY238590
AY238575
AY238597
AY238598
AY238573
AY238593
AY238594
AY238574
AY238577
AY238576
AY238585
AY238596
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Appendix 4. Table of Begonia ITS sequence data from Genbank used in this
study and accession number.

!

Genbank Accessions ITS
Begonia angularis

Accession
Number
AF485183

Genbank Accessions - ITS
Begonia listada

Accession
Number
AF485186

Begonia boliviensis

AF485198

Begonia lobata

AF485185

Begonia cinnabarina
Begonia convolvulacea
Begonia cubensis
Begonia echinosepala
Begonia egregia
Begonia fissistyla
Begonia fuchsioides
Begonia glabra
Begonia glabra
Begonia glabra

AF485199
AF485178
AF485169
AF485187
AF485184
AF485167
AF485163
AF025788
AF485176
AF008975

Begonia luxurians
Begonia manicata
Begonia meridensis
Begonia minor
Begonia obliqua
Begonia odorata
Begonia olbia
Begonia oxyphylla_2
Begonia oxyphylla_1
Begonia peltata_3

AF485194
AF485211
AF485161
AF485171
AF485170
AF485168
AF485201
AF485191
AF485190
AF485210

Begonia gracilis

AF485202

Begonia rufosericea

AF485188

Begonia guaduensis
Begonia heracleifolia_4
Begonia herbacea
Begonia holtonis
Begonia imperialis
Begonia incarnata
Begonia integerrima
Begonia involucrata

AF485165
AF485206
AF485174
AF485162
AF485204
AF485173
AF485158
AF485209

AF485205
AF485160
AF485159
AF485157
AF485179
AF485182
AF485197
AF485200

Begonia involucrata

AF485208

Begonia sericoneura_2
Begonia solananthera
Begonia solananthera
Begonia thiemei_2
Begonia ulmifolia
Begonia valida
Begonia violifolia
Begonia wollnyi
--

--
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Appendix 4. Sliding window analysis of pairwise divergence across the large-scale Begonia chloroplast alignment.
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Appendix 17. DNA sequence data and reference alignments.

Files on the accompanying DVD comprise DNA sequence alignments
in FASTA and NEXUS format along with associated Perl scripts used
in this thesis.
Owing to the large file size (6.2Gb), the raw data from the large-scale
chloroplast sequencing project will be uploaded to the short read
archive in Genbank shortly after completion of this thesis.

File/Folder
trnL.nex
ITS.nex
Perl Scripts
CP_aln.fasta
R21.nex
R24.nex
R21_R24.nex
Dataset1.fasta
Dataset2.fatsa

!

Contents
TrnL Alignments
ITS alignments
Perl Scripts
Chloroplast Genome Alignments
Region 21 Alignment
Region 24 Alignment
Concatenated Region 21 and 24 alignment
Dataset 1 alignment
Dataset 2 alignment
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Appendix 18. Table summarising the geographic distribution of Begonia, sect
Gireoudia.
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Appendix 19. List of Begonia species ascribed to sect Gireoudia.
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Appendix 20. Peer reviewed publications contributed to during this Ph.D.
Genomic Resources for Evolutionary Studies in the Large, Diverse, Tropical Genus,
Begonia.
Adrian C. Brennan, Stephen Bridgett, Mobina Shaukat Ali, Nicola Harrison, Andrew
Matthews, Jaume Pellicer, Alex D. Twyford, Catherine A.Kidner
Tropical Plant Biology, December 2012, Volume 5, Issue 4, pp 261-276
On the evolutionary history of the domesticated apple.
Nicola Harrison, Richard Harrison
Nature Genetics, 11/2011; 43:1043-1044.
Population History and Seed Dispersal in Widespread Central American Begonia
Species (Begoniaceae) Inferred From Plastome!Derived Microsatellite Markers.
Alex D. Twyford, Catherine A. Kidner, Nicola Harrison, Richard A. Ennos
Botanical Journal of the Linnean Society, Volume 171, Issue 1, pages 260–276,
January 2013
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Genomic Resources for Evolutionary Studies in the Large,
Diverse, Tropical Genus, Begonia
Adrian Christopher Brennan & Stephen Bridgett &
Mobina Shaukat Ali & Nicola Harrison &
Andrew Matthews & Jaume Pellicer &
Alex David Twyford & Catherine Anne Kidner
Received: 2 May 2012 / Accepted: 23 August 2012
# Springer Science+Business Media, LLC 2012

Abstract Begonia is one of the ten largest angiosperm
genera with over 1,500 species found throughout the tropics.
To use this group as a model for the evolution of diversity in
tropical herbaceous plants, we have produced three species
transcriptomes, physical genome size measures, and two
backcross genetic maps. We chose to focus on two Central
American species, B. conchifolia and B. plebeja, and one SE
Asian species, B. venusta, allowing us to pose questions at
widely different evolutionary scales within the genus. We
used next generation sequencing of cDNA libraries to produce annotated transcriptome databases for each of the three
species. Though Begonia is functionally diploid, transcriptome analysis suggested a genome duplication occurred at
or near the base of the Begonia clade. The genetic maps
were built from first generation backcrosses in both

directions between B. plebeja and B.conchifolia using 105
SNP markers in genes known to regulate development that
were identified from the transcriptomes and the map bulked
out with 226 AFLP loci. The genetic maps had 14 distinct
linkage groups each and mean marker densities of between
3.6 and 5.8 cM providing between 96 and 99 % genomic
coverage within 10 cM. We measured genome size 1C value
of 0.60 and 0.63 pg for B. conchifolia and B. plebeja
corresponding to recombination rates of between 441 and
451 Kb per cM in the genetic maps. Altogether, these new
data represent a powerful new set of molecular genetic tools
for evolutionary study in the genus Begonia.
Keywords Begonia . Genetic map . Transcriptome .
Tropical diversity . Genome duplication
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Introduction
Owing to the historical nature of speciation, it is difficult
to test hypotheses concerning the underlying evolutionary
forces that originally drove divergence. Convergent evolution offers a chance to tease out signals from the noise
as the independent evolution of the trait in each lineage
can be examined to determine whether similar selective
pressures and similar genetic changes were responsible
(Elmer and Meyer 2011; Wood et al. 2005). Some of the
most exciting insights into adaptation have come from
analysis of convergent traits in large lineages (for example: Drummond et al. 2012; Kaeuffer et al. 2012; Melo
et al. 2011; Strecker et al. 2012; Whitehead et al. 2012;
Woodard et al. 2011).
With over 1,500 species growing in a wide range of
environments, Begonia L. (Begoniaceae) offers many examples of convergent evolution in lineages separated by a few or
many millions of years (Neale et al. 2006). This allows the
evolution of traits to be examined on a range of scales.
Begonia is found throughout the tropics in habitats which
range from wet rainforest to seasonally dry scrubland. Species radiations in the New World, Southeast Asia and Africa
have generated many examples of parallel evolution, for
example in leaf form, plant architecture, infloresecence arrangement and drought tolerance (Neale et al. 2006). Begonia
is also a major horticultural crop, being important in both
bedding plants and indoor plants markets (Hvoslef-Eide and
Munster 2007) and consequently large, accessible collections
of species and hybrids are available (Tebbit 2005). Additionally, methods of in-vitro propagation and genetic transformation that have been developed for commercial exploitation of
Begonia can also be applied to research (Kishimoto et al.
2002; Xu et al. 2011).
Most Begonia species are local endemics and population
genetic studies using a range of marker types have shown
strong population structures (Hughes et al. 2003; Hughes
and Hollingsworth 2008; Matolweni et al. 2000; Nakamura
et al. 2012). However, in the greenhouse, many species are
interfertile (Tebbit 2005; Dewitte et al. 2011). Interfertility
between species opens up the possibility of using genetic
analysis in interspecific crosses to identify loci associated
with species-level variation. Until recently the power of
genetics to investigate evolutionary events has been largely
limited to model species or their close relatives, but the
advent of next generation methods of sequencing and high
throughput genotyping techniques have lowered the barrier
to developing genetic resources for any organism allowing
us to investigate interesting evolutionary patterns wherever
they occur (Harrison and Kidner 2011; Ekblom and Galindo
2011; Wheat 2010).
Here we report the development of genetic resources
for Begonia which will allow study of evolution at

different levels, from populations to species through to
the whole genus. We present transcriptome data for
three species of Begonia that provide the basis of a
new reference sequence database and suggest a wholegenome duplication may have occurred early in the
lineage leading to Begonia. Genetic variation identified
between transcriptomes was used to produce the first
genetic recombination maps for Begonia. These genetic
map resources provide tools for mapping the genes that
underlie interspecific and population level traits and for
identifying the functional genetic basis of these quantitative differences.

Results
We chose two closely related but ecologically contrasting
species from Central America for transcriptome sequencing
and to generate mapping populations. Begonia plebeja is
widespread in northern Mexico and found in seasonally dry
forests (Fig. 1a) whilst B. conchifolia has a more restricted
distribution in wet rainforests of Southern Mexico and
Central America (Burt Utley 1985; Fig. 1c). These species are both members of a phylogenetically well supported Central American section Gireoudia within
Begonia with characteristic chromosome number, 2n 0
28 (Fig. 1d, Dewitte et al. 2009; Legro and Doorenbos
1971; Thomas et al. 2011).
To represent more of the range of diversity in Begonia a third species, B. venusta, that is more distantly
related to B. conchifolia and B. plebeja (Fig. 1b), was
included in the transcriptome analysis. This species
grows in wet rainforests and field margins along the
Malaysian Peninsula (Kiew 2005). Begonia venusta
belongs to the parallel radiation of Begonia in Southeast
Asia. The lineage leading to B. conchifolia and B.
plebeja split from that leading to B. venusta very early
during Begonia evolution (Fig. 1d). Begonia venusta is
placed in section Platycentrum and has a chromosome
number of 2n 0 44, in contrast to the 2n 0 28 of section
Gireoudia (Dewitte et al. 2009; Legro and Doorenbos 1971;
Thomas et al. 2011).
Genome Size Measurements
The genome sizes of B. conchifolia and B. plebeja,
expressed as 1C-values (i.e. the DNA content of an unreplicated gametic nucleous sensu Greilhuber et al. 2005),
were fairly similar (1C00.60±0.01 pg and 1C00.63±
0.01 pg respectively), but higher for B. venusta (1C0
1.11±0.00 pg). These genome size similarities reflect the
different chromosome counts for the two Gireoudia species and B. venusta.
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Fig. 1 Begonia plebeja (a), Begonia venusta (b), Begonia conchifolia (c). Scale bars represent 2 cm. Bayesian phylogeny of South American and
Southeast Asian Begonia based on the chloroplast sequences ndhA, ndhF-rpl32 and rpl32-trnL (d)

Transcriptome Analysis
Summary statistics for the Roche 454 Titanium sequence
reads are shown in Table 1. Using total RNA extracted
from vegetative apices for cDNA synthesis, between
200,000 and 260,000 sequence reads were obtained for
each species using Roche 454 sequencing. Assembly of
these reads using Newbler 2.5 resulted in 15,855, 17,385
and 16,206 isotigs (consensus sequence fragments derived
from groups of assembled reads) for B. plebeja, B. conchifolia and B. venusta, respectively, with over half of the
isotigs longer than 750 bp (Table 1). We used BLASTX to
identify orthologous genes in Cucumis sativus (cucumber; the
closest related species with a sequenced genome) and found

that 82.1 %, 70.7 % and 78.0 % of B. conchifolia, B. plebeja
and B. venusta isotigs had a match in the cucumber transcriptome with an expect value of e−10 or lower. These
matches were to 8611, 8082 and 8563 unique cucumber transcripts respectively, indicating that there were often two Begonia isotigs for any one cucumber transcript. Assuming that
the assemblies are largely correct, this could indicate a genome duplication in Begonia.
The similar numbers of isotigs produced for the different
species suggests that, although B. venusta has a higher genome size than the other two species, it does not have significantly more genes. An increase in the nuclear DNA content
may reflect expansion in non-coding sequence (such as transposable elements) or a very recent genome duplication which
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Table 1 Statistics for sequencing
and for Newbler 2.5.2 assemblies

(PLE 0 B. plebeja, CON 0 B.
conchifolia, VEN 0 B. venusta
and TRI 0 the combined
tri-scriptome assembly)

Number of bases sequenced
Number of reads
N50 read length
GC content of reads
% Bases aligned
% Reads aligned
Number of isogroups
Number of isotigs
Isotig N50
Number of large contigs (> 0 1 kb)
Numbers of singletons
% Inferred error
% Isogroups with more than 1 isotig
Average number of isotigs per isogroup

has not had time to diverge sufficiently for reads from different paralogs to be assembled into separate isotigs.
We used two different methods to examine similarities
between the three transcriptomes. First, reciprocal BLAST
searches between species were used to identify likely orthologs as those sequences that show high similarity in different
species datasets (implemented with RBH, Reciprocal Best
Hit, Orthologs; Barker et al. 2010) . The overlap between
the transcriptomes was low, about a third of the isotigs in any
one species had an identified ortholog in another species
(Fig. 2a). However, RBH Orthologs is very conservative in
its identification of ortholog pairs, requiring an extensive
length of match of sequence identity. We examined the transcriptomes again using a much less conservative measure—
the presence of a reciprocal BLASTN hit of any length and
any e value. By this measure, still fewer than half of B.
conchifolia or B. plebeja isotigs had orthologs in B. venusta
(40.8 %, 42.0 % respectively) and this percentage was only
marginally increased in the comparison between the more
closely related B. conchifolia and B. plebeja (44.3 %). This
Fig. 2 Pattern of sharing (a) of
assembled sequences (isotigs)
between the three individual
species transcriptomes and (b)
of reads within assembled
sequences from the combined
assembly of all three species
transcriptomes (tri-scriptome)
together. Counts are numbers of
isotigs in each sharing category
and percentages are those
sequences that show good
matches with known proteins
from the Green Plants RefSeq
database

PLE

CON

VEN

TRI

71198213
204477
430
45.47 %
89.30 %
88.90 %
13929
15855
773
7482
14767
1.7
8.5
1.1

73094984
260385
401
46.27 %
87.27 %
81.54 %
15671
17385
759
8017
23341
1.45
7.4
1.1

63949869
206884
386
45.39 %
87.64 %
85.94 %
14391
16206
760
7561
16453
1.79
7.3
1.1

90.81 %
88.70 %
28526
46774
1041
15597
27316
2.55
16.9
1.3

observation suggests that the poor overlap was possibly due
to incomplete coverage of genes with low levels of expression
rather than poor conservation of sequences between species.
To investigate the overlap between transcriptomes further,
three sets of isotigs (those found in all three species, isotigs
found in only a pair of species and isotigs unique to one
species, as identified by RBHorthologs) were searched
against the NCBI Refseq Green Plant protein database (Pruitt
et al. 2012). The percentage of good matches to sequences in
the database was higher for isotigs shared between all three
species, presumably reflecting the presence of more strongly
conserved genes in this set (Fig. 2a). This relatively small
conservative subset of 3392 isotigs that have been confirmed
against known proteins provides a good starting point for
molecular evolutionary studies in this genus.
To study the variation in our transcriptomes, we used GS
mapper (Roche) to map the reads from each species onto the
assembled isotigs of each species in turn. The results are
shown in Table 2. Polymorphism frequency, measured as
mean number of polymorphisms per 100 bases, ranged from
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Table 2 High confidence SNPs
identified between and within
species

(P 0 B. plebeja, C 0 B. conchifolia,
V 0 B. venusta)

Comparison

Total SNPs

Species-level SNPs

Mapped bases

% Polymorphisms

C onto P
P onto C
V onto C
C onto V
V onto P
P onto V
P onto P
C onto C
V onto V

29988
31104
88112
80700
81518
73073
6079
1852
4633

21944
15522
70189
66110
65223
54273
517
399
444

41216046
39763005
38231807
44100971
37893074
39634494
60719146
60067876
52316073

0.0532414
0.0390363
0.183588
0.149906
0.1721238
0.1369338
0.0100117
0.0030832
0.0088558

0.05 % for B. plebeja mapped onto B. conchifolia to 0.18 %
for B. venusta mapped onto B. conchifolia. As expected,
given the evolutionary relationships between the species,
more high-confidence polymorphisms were detected between either B. plebeja or B. conchifolia and B. venusta
than between B. plebeja and B. conchifolia. Polymorphism
frequencies within each species, which are indicative of
heterozygosity, ranged from 0.010 % for B. plebeja to
0.003 % for B. conchifolia.
As an alternative method of comparison, the low variation between transcriptomes allowed us to assemble all three
transcriptomes together using Newbler 2.5.2 (Roche) as a
joint ‘tri-scriptome’. This reduced the number of unassembled reads from 54,561 (14,767+23,341+16,453) for the
individual assemblies to 27,316 for the joint assembly and
gave us a set of 38,448 isotigs. A total of 72.2 % of the joint
tri-scriptome isotigs had sequence from more than one species and 43.5 % contained reads from all three species,
confirming that in most cases the program has assembled
reads from orthologs together. This gave us a set of 17,627
isotigs representing genes found in all three species, over
Fig. 3 The number of reads per
assembled sequence (isotig) in
the tri-scriptome assembly and
in the pooled individual assemblies. More tri-scriptome isotigs
have medium to large numbers
of reads

half of which had a BLASTX match in the Green Plant
Refseq database (with e value of e−40 or less; Fig. 2b).
BLASTX showed also that these isotigs had hits at e−10 or
below to 12442 unique cucumber genes that represent nearly half of the annotated cucumber proteins (25600). Additional BLASTX matches of tri-scriptome reads against the
Uniprot database using Annot8r were used to assign GOterm, EC and KEGG functional annotations to these matching isotigs (Supplementary Table 1).
Figure 3 shows histograms of the number of reads per
isotig for the joint tri-scriptome compared to the number of
reads in the individual assemblies, illustrating that the assembly increased the read depth of isotigs. The joint triscriptome also increased the isotig lengths (see Fig. 4). The
longest isotigs in this assembly were the mostly highly
expressed genes such as tubulin, suggesting that assembly
was still limited by coverage, but a cytochrome P450 family
member and a Armadillo/beta catenin-like repeat were also
highly represented.
We used BLASTN to compare the joint tri-scriptome to
the individual assemblies. In total, 2,695 isotigs from the
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Fig. 4 Isotig lengths (bp) for the individual assemblies (a) and the tri-scriptome assembly (b). Note that the tri-scriptome has longer isotigs

joint transcriptome had no corresponding isotig in any individual, suggesting that they represent genes identifiable only
through the combination of data from all three transcriptomes. As expected these isotigs had low numbers of reads
(2.4±5.37) in comparision to 39.7 (±129.6) for isotigs that
were also found in at least one individual assembly. However, 2,358 of the new isotigs had a BLASTX match in the
Green Plant database, including 254 matches at e < 0 e−40,
confirming they were likely to represent true genes and not
assembly artifacts.
The transcriptomes were produced from non-normalised
cDNA pools and therefore the read number per isotig is
related to the expression level of the gene. Figure 5 shows
plots of the number of reads per isotig from each species. In
order to control for the partial nature of the transcriptomes
only those isotigs which include at least one read from each

species are shown. There was a strong correlation between
expression levels in B. plebeja and B. conchifolia but not
between B. venusta and either B. plebeja or B. conchifolia
(Fig. 5) suggesting that expression differences have accumulated with evolutionary distance across the genus Begonia. While limited coverage of the transcriptomes limits the
statistical certainty of observed patterns of gene expression,
we were able to make some initial qualitative observations
that could be followed up with further confirmatory studies.
The sequence with the highest number of reads was a
peroxidase expressed very highly in B. conchifolia (2,960
reads from the single species assembly) and B. plebeja
(3,437 reads) compared to B. venusta (491 reads). The
Arabidopsis thaliana ortholog of this gene (At4g21960,
PRXR1) is also highly expressed, at 24.5 times the average
transcript level (TAIR www.arabidopsis.org). Peroxidases
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Fig. 5 Paired-species comparisons of transcriptome read numbers per isotig ortholog. B. conchifolia and B. plebeja (a), B. plebeja and B. venusta
(b), B. conchifolia and B. venusta (c)

are involved in stress response, in particular regulation of
damage from photorespriation (Zamocky et al. 2008).
Higher expression in B. conchifolia and B. plebeja than B.
venusta could indicate a greater tolerance to high light
levels, or it could simply be due to transient stresses in the
individual plants assayed.
A SHEPHERD (SHP)-like gene was expressed highly in
B. venusta (635 reads) in comparison to B. plebeja (49
reads) and B. conchifolia (102 reads). This is a heat-shock
protein family member and the A. thaliana orthlog
(At4g24190) may be involved in the regulation of meristem
size via regulation of CLAVATA (CLV) protein folding in
response to abiotic stress (Ishiguro et al. 2002; Song et al.
2009). It is also highly expressed in A. thaliana at 10.5×
average transcription levels (TAIR). High levels of heat
shock proteins are associated with greater tolerance of abiotic stresses such as temperature (Kadota and Shirasu 2012;
Sangster et al. 2008).
Another interesting isogroup, which may represent a type
2 metallothionein metal-binding protein, was very highly
expressed in all transcriptomes (B. conchifolia 1,365 reads,
B. plebeja 1,016 reads, B. venusta 590 reads) but does not
have a clear ortholog in the Green Plant Protein or NCBI
databases (all BLASTX matches have relatively weak e
values greater than e−20). Although the expression pattern
and genus-wide sequence variation of this gene could be
easily determined, without functional information from a
model species it would be difficult to formulate a hypothesis
as to its role.
An episode of increased gene duplication, including a
whole-genome event, results in an intermediate peak in the
negative exponential frequency distribution of sequence
divergence between duplicate genes (Vision et al. 2000;
Paterson et al. 2004; Schranz and Mitchell-Olds 2006;
Barker et al. 2008). A peak of synonymous substitution

values (Ks 0 0.51−0.58) for paralogous genes was observed
for all three Begonia transcriptomes (Fig. 6). The presence
of this peak in all three species suggests that a whole
genome duplication occurred in the lineage leading to the
genus Begonia or early during Begonia evolution. Likely
dates for the origin of Begonia range from 24 to 45 MYA
(Goodall-Copestake et al. 2009) and the origin of the Southeast Asian lineage, to which B. venusta belongs is dated to
~22 MYA (Thomas et al. 2012). The Begonia lineage split
from that of cucumber (which lacks this genome duplication) ~82.1 MYA (Schaefer et al. 2009). Begonia isotigs
whose paralog pairs fall in the peak of Ks have an average
Ks of 1.159 with their cucumber orthologs (as identified by
reciprocal TBLASTX hits), suggesting that the Begonialineage duplication occurred sometime after the split from
cucumber, but before 22 MYA. Conservation of paralogs
over this period of time suggests diversification of gene
functions and that these three transcriptomes will provide
valuable data for studying the evolution of gene families.
Analysis of the ratio of non-synonymous to synonymous
substitutions (Ka/Ks values) for Begonia-cucumber ortholog pairs also identified several with elevated Ka/Ks ratios,
and several with reduced ratios. Orthologs with elevated Ka/
Ks values included disease resistance and signaling genes
such as NB-ARC domain-containing disease resistance protein (Ka/Ks 0 1.20) and a receptor like protein of the RPL44
family (Ka/Ks 0 1.22) (Wang et al. 2008). The reduced
Ka/Ks ortholog set included key functional genes such
as Cyclin-dependent protein kinase CYCB1 ortholog
(Ka/Ks 0 0.07) (Day and Reddy 1998), and an NKS1
ortholog, likely involved in ion homeostatis (Ka/Ks 0
0.044) (Choi et al. 2011). Further analysis of the relative rates of change will be undertaken once the paralogs can be more clearly distinguished by comparison to
a draft genome sequence.
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Fig. 6 Evidence for genome duplication from patterns of Ks in ortholog clusters. B. conchifolia (a), B. plebeja (b) and B. venusta (c) all
show a significant peak in the same position (Ks 0 0.51−.58),

supporting a genome wide duplication in early Begonia evolution or
before the emergence of the genus. Heights of peaks indicate qualitatively
the strength of evidence for a peak at that position

Genetic Mapping

heterozygous at more markers than B. conchifolia, generating
more segregating polymorphisms that could be mapped.
Both genetic maps consisted of 16 linkage groups. However a pair of linkage groups in each map was represented
by weakly linked ends of a single chromosome in the other
map indicating that these extra linkage groups are likely to
be artifacts of the mapping method, rather than biological
reality and that the number of distinct linkage groups in each
map is actually 14 (Fig. 7). Map summary statistics are
shown in Supplementary Table 2. The total map distance
was estimated to be between 1,034 and 1,043 cM for the
CBC map and between 1,099 and 1,110 cM for the PBC
map for the add2s and method4 genome length estimators,
respectively. Similarly, mean observed linkage group length
was slightly smaller for CBC at 53.6 cM (st. dev. 30.5 cM),
than for PBC at 61.6 cM (st. dev. 26.3 cM).
Consistent with the different numbers of markers mapped
onto each map, mean marker distance was greater for CBC at
5.8 cM (st. dev. 5.5 cM), than for PBC at 3.6 cM (st. dev.
4.1 cM). The percentage of the genome within 5 cM of a

Genetic maps for the genomes of B. conchifolia and B. plebeja
were constructed for the two backcross mapping families
(Fig. 7, Supplementary Table 1, and 2). A total of 117 individuals from the backcross to B. conchifolia (CBC) and 225
individuals from the backcross to B. plebeja (PBC) were
genotyped for mapping. A total of 4,867 potential AFLP loci
were obtained using 12 primer combinations and 255 used for
mapping in one or both populations following quality control
analysis. SNPs in 105 genes with potential roles in development were identified from the transcriptomes and genotyped
by competitive allele specific PCR technology (KASP) and
these SNP genotypes were then mapped in one or both backcross families. The combined SNP and AFLP datasets consisted of 199 markers genotyped across 117 individuals for the
CBC family and 330 markers genotyped across 225 individuals for the PBC family (Supplementary Table 1, and 2).
In total, 165 and 294 markers were placed on the final CBC
and PBC genetic maps respectively, with 136 of these markers
shared between maps. Other genotyped markers could not be
mapped with high confidence, either because they appeared
unlinked to all other markers (linkage scores < logarithm of
odds [LOD] 4) or showed anomalous strong linkage to
markers in different well supported linkage groups. A more
detailed breakdown of marker composition is provided in
Supplementary Table 1. In general, the B. plebeja parent was

Fig. 7 Genetic linkage maps based on reciprocal backcross popula-b
tions between B. plebeja and B. conchifolia. Map distances in Kosambi
centiMorgans are shown in the left scale bar. Linkage group labels
from the backcross to B. conchifolia start with “Con”, while those from
the backcross to B. plebeja start with “Ple”. Linkage groups are ordered
in pairs, one from each genetic map that share markers (i.e. orthologous
chromosomes) as shown by linking lines
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mapped marker was estimated to be 79 % in the CBC map and
93 % in the PBC map while 96 % or 99 % of the genomes
were estimated to be within 10 cM of a marker according to
the estimator of Fishman et al. (2001). However, markers were
not evenly distributed in either map according to dispersion
chi square tests. Uneven distribution of markers across genetic
maps is typical of highly structured eukaryotic genomes. We
speculate that clusters of SNP markers could indicate gene
rich regions, while clusters of AFLPs could indicate repetitive
sequence regions with a relatively high frequency of restriction sites for the enzymes used to generate AFLPs. Alternatively, since mapping families represent interspecies crosses,
local chromosomal rearrangements between species that limit
homologous recombination in hybrids could appear as clusters of markers on genetic maps.
Extensive synteny in order of shared homologous
markers was observed between homologous linkage groups
in the two backcross maps. Across 136 shared markers, only
four markers on separate linkage groups (BTF21,
RCAG_134, GCAA_104, and RCAA_202 on linkage
groups 6, 7, 10, and 14, respectively, Fig. 7) showed linkage
order differences that involved more than four adjacent
markers (Fig. 7, Supplementary Table 1). Other minor differences in linkage order are more likely to reflect genotyping errors (mean 1.96 % among all AFLP loci) or missing
data (mean 7.63 and 3.31 % AFLPs and SNPs, respectively)
than differences in gene order.

Discussion
Begonia is a highly speciose genus of tropical plants but
their success appears to rest on high diversity and endemism
between regions rather than on plasticity and wide species
distributions (Hughes and Hollingsworth 2008). We describe here a set of tools that can be used to study the genetic
basis of this diversity in the face of ongoing threats to
tropical biodiversity in general (Myers et al. 2000).
We used two closely related species from Mexico and
Central America (B. plebeja and B. conchifolia) and a third
species from a parallel radiation of Begonia species in
Southeast Asia (B. venusta). The genome size 1C values
for these three species were determined to be 0.63 pg,
0.60 pg and 1.11 pg respectively. Previous research in the
genus showed that Begonia is characterized by having small
genomes (Dewitte et al. 2009), but differences up to around
6-fold have been reported between species with similar
chromosome numbers, suggesting extensive gene duplication,
transposon activity or repeat expansion can occur in Begonia.
The distribution of Ks values for paralog pairs in B. venusta
provides no evidence for a recent genome duplication suggesting that the larger genome of B. venusta reflects an increase in
the number transposons and repetitive elements. However, a

very recent duplication may result in paralogs so similar that
they would be assembled together into a single isotig leaving no
evidence in the transcriptome sequences of the duplication. A
proportion of the polymorphisms detected in B. venusta could
represent sequence variation between recent paralogs rather
than alleles.
Partial transcriptomes were generated from vegetative buds
from each species and orthologs and paralogs identified. Overlap between the transcriptomes was about a third, and 3,392
genes with orthologs in all three species were identified. Polymorphism rates vary from 0.003 % for B. conchifolia to
0.010 % for B. plebeja. The higher polymorphism frequency
in B. plebeja may reflect more frequent outcrossing in this
species, as it has larger, showier flowers with more stamens
than B. conchifolia and occurs in more open habitats conducive
to insect mediated cross-pollination (Burt Utley 1985).
As the polymorphism frequencies between the species
were low (maximum of 0.17 % between B. conchifolia
and B. venusta), we assembled all three transcriptomes
together into a joint tri-scriptome in order to increase the
number of isotigs assembled and their read depth and length.
This generated a set of 17,627 isotigs including reads from
all three species. By using all three species, we have come
closer to the typical number of genes expressed in angiosperms (25,000–35,000 Bennetzen et al. 2004; Sterck et al.
2007), bearing in mind that some of these isotigs could be
splice variants and chimeric sequences that have escaped
detection in our analyses and that these transcriptomes were
made from vegetative buds rather than a full range of tissue
types and ages. We concluded that the joint tri-scriptome
assembly was a useful means of identifying additional Begonia
genes, although further sequencing would be required to eliminate the possibility that some isotigs had been assembled from
paralogous gene families.
The read numbers per species from this set of 17,627
isotigs can be used as an indication of comparative expression levels. The Central American species, B. conchifolia
and B. plebeja showed patterns of expression more similar
to each other than to the Southeast Asian B. venusta. This
presumably reflects changes in gene expression patterns
over evolutionary time. The outliers, with highly different
expression between species, are candidates for differential
regulation. Alternatively, apparent differences in representation
might reflect sequence divergence, as divergent transcripts
might be assembled into species-specific contigs which would
not be detected in the combined species transcriptome analyses. High levels of sequence divergence would also mark a
gene out as worthy of further study as a candidate for divergent
selection between species.
An intermediate peak in the distributions of substitution
rates (Ks values) in paralogous isotigs identified in each
species support the hypothesis of a whole genome duplication early in Begonia evolution to at least before 22 MYA.
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Whole genome duplications are common in angiosperm
lineages and contribute to potential for diversification (Otto
and Whitton 2000; Petit and Thompson 1999; Vamosi and
Dickinson 2006). The variation in chromosome number and
genome size in Begonia as a whole suggests that genome
duplication could be an important driver of diversity within
the group (Dewitte et al. 2009; Legro and Doorenbos 1971).
Ongoing research to identify and analyse orthologous and
paralagous gene sets will undoubtedly provide further insights
into the interplay between genome duplication and species
diversification in Begonia.
A genetic map was constructed by genotyping backcross
populations between B. conchifolia and B. plebeja for 105
SNPs in developmental genes and 255 AFLP markers.
Individual maps for each backcross show that synteny is
highly preserved between the two species suggesting that
their divergence has not been accompanied by large scale
genomic restructuring. The most closely related species to
Begonia, which has a genetic map and genome sequence is
cucumber, Cucumis sativus (Huang et al. 2009; Zhang et al.
2012). We looked for synteny between the sequenced Begonia
markers and their orthologs in cucumber by BLASTX searching the isotigs containing the markers against the cucumber
genome to find cucumber best hits and comparing relative
positions. This revealed only one case of co-linearity: in
markers that are 1.8 cM apart in B. plebeja and 350 Kb apart
in C. sativus. Absence of large-scale synteny is perhaps not
surprising for species whose lineages most probably split in the
late Cretaceous (81 MYA) (Schaefer et al. 2009), but future
studies with higher density genetic maps or genome assemblies
are required to better assess and understand the pattern and
scale at which synteny breaks down between these lineages.
Mean marker distance is 5.8 cM for the B. conchifolia
map and 3.6 cM for the B. plebeja map covering 96 % and
99 % of the genome within 10 cM, respectively. As mentioned above, the non-replicated holoploid nuclear DNA
contents (1C-value) of B. conchifolia and B. plebeja were
estimated to be 591.5 and 616 Mb respectively (1 pg equates
to 978 Mb, Doležel et al. 2003). Although slightly smaller,
these genome size values are comparable to those previously
published for Begonia, where 1C-values of 694.3 to 733.5 Mb
were reported for three species in Section Gireoudia (Dewitte
et al. 2009), to which these two species belong. According to
this physical genome size estimate, 1 cM corresponds to average recombination rates of 441 and 451 Kb in the CBC
and PBC backcross maps respectively. These observed recombination frequencies are somewhat lower than those seen in
other plants (50 Kb/cM for Carica papaya (Yu et al. 2009) and
260 Kb/cM for A. thaliana (Singer et al. 2006)). Although
recombination frequency can vary considerably across the
genome and is dependent on the specific demographic history
of the individual or species considered, the low recombination
frequency observed in this Begonia mapping family holds

promise for association mapping of genes underlying Begonia
diversity in natural populations with relatively low marker
density. Conversely, fine mapping of the genes will be a greater
challenge requiring large mapping families, but will be offset
by the rapidly decreasing costs of genotyping that makes
construction of high density maps feasible.

Conclusions
We have generated three transcriptomes and a genetic map
that increase the potential of the mega diverse genus Begonia for evolutionary studies. We plan to use the genetic map
to understand the genetic basis of speciation between this
closely related species pair and to study traits which may
have been key in their adaptations to very different seasonally dry tropical forest and wet rainforest habitats. The transcriptomes will prove useful in analysing future Begonia
whole genome sequences that we are in the process of
developing. With these improved sequence data, we hope
to better unravel gene orthology and paralogy in order to
understand the consequences of the genome duplication
early in Begonia's evolutionary history and how it has
contributed to the diversity of the genus. The sequence data
we have produced that show low sequence divergence between Central American and Southeast Asian sections of the
genus will also allow the generation of large numbers of
genome-wide molecular genetic markers to examine the
evolutionary forces generating and maintaining this diversity at the population-level for species in this genus. For
example, this transcriptome sequence data has already been
used to develop microsatellite markers for population genetic studies of other Begonia species in Mexico (Twyford et
al., in prep).
The relative ease with which genetic resources can be
developed from scratch has largely overcome the limitations
on the choice of species which can be studied genetically.
With the resources we have developed, we have added over
1,500 Begonia species to the lists of plants with characterised transcriptomes and molecular recombination maps in
close relatives.

Methods
Plants
An individual each of B. conchifolia and B. plebeja in
long-term cultivation at Royal Botanic Garden Edinburgh
(RBGE accession numbers: 20042082 and 20051406, respectively) were cross pollinated in the glasshouse during
the winter of 2007 with B. plebeja acting as the maternal
parent and B. conchifolia as paternal parent. The F1 was
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only partially self fertile so backcrosses to each parent were
used to generate mapping families of sufficient size. F1
seeds were germinated on sterilised compost (16 Bark:
3 Peat: 1 Perlite plus finely sieved osmocote) in a warm
28°C humid environment. F1 seedlings (family number
CKB137) were moved to individual 15 cm diameter
pots of compost (as above) and grown in a glasshouse
with supplemental lights and an average temp of 28°C.
Seedlings from a backcross between CKB137.6
(maternal) and B. conchifolia (n0117) and from a backcross between CKB137.8 (maternal) and B. plebeja paternal (n0277), were sown in the spring of 2009 and
plants were subsequently maintained under the same
conditions as the parents and F1s.
Genome Size Measurements
Nuclear DNA contents (C-values) were assessed by flow
cytometry. Fully expanded leaf tissue from each accesion
(about 1 cm2) was chopped along with an internal standard
(Solanum lycopersicum ‘Stupiké polní rané’ 2C01.96 pg or
Petroselinum crispum ‘Champion Moss Curled’ 2C 0
4.45 pg) in 2 mL of ‘General purpose isolation buffer’
(GPB; Loureiro et al. 2007) with 3 % PVP-40 following
the one-step procedure described by Doležel et al. (2007).
The nuclear suspension was then filtered through a nylon
mesh (30 μm) to remove debris, stained with Propidium
Iodide (Sigma-Aldrich) at a final concentration 60 μg·mL−1
and supplemented with 100 mg·mL−1 ribonuclease A
(RNase A; Sigma-Aldrich). Samples were kept on ice
for 15 min and 5,000 particles were recorded using a
Partec Cyflow SL3 (Partec GmbH, Canterbury, UK)
flow cytometer fitted with a 100 mW green solid state
laser (Cobolt Samba, Solna, Sweden). Nine replicates
per accesion were processed and the resulting flourescence histograms were analysed with FlowMax software
(Partec GmbH).
DNA Extraction
Approximately 20 μg of silica dried inforesence or leaf was
pulverized using a TissueRupter milling machine (Qiagen,
Crawley, UK) for three rounds of 20 Hz for 90 s with added
sand. Alternatively, fresh young leaf tissue (100 μg approx.)
was ground to a powder after freezing with liquid nitrogen.
Individual DNeasy Plant Mini kits (Qiagen) were used with
the following changes to the supplier’s instructions. The
initial digestion at 65°C was extended to 30 min and two
elutions (subsequently combined) were performed with 50–
100 ul AE buffer each for 1–15 h to improve DNA yield.
DNA was extracted twice from the parents and from ~10 %
of backcross progeny to assess and control for genotyping
errors.

Phylogenetics
A phylogeny of 45 representative Begonia species was constructed to place B. conchifolia, B. plebeja and B. venusta into
phylogenetic context. Sequences of the Begonia chloroplast
ndhA intron, the ndhF-rpl32 and rpl32-trnL spacers were
obtained either from the National Centre for Biotechnology
Information (http://www.ncbi.nlm. nih.gov/) or from whole
Begonia chloroplast genome sequences (Harrison and Kidner
in prep). Sequences were aligned using MAFFT v6.717 (Multiple Alignment using Fast Fourier Transform) (Katoh and Toh
2008) applying the iterative refinement method (FFT-NS-i) and
using default parameter settings (gap opening penalty: 1.53,
offset-value: 0.0) and then manually adjusted.
The three nucleotide regions were concatenated to produce
an alignment of 4086 characters and analysed as an unpartitioned matrix in a Bayesian analysis, using parameters: GTR +
I- optimised proportion of invariable sites and across site rate
variation. The model used was the same as that used in
Thomas et al. (2012). The analysis was performed in MrBayes
v3.1.2 with 4 chains and 1,000,000 generations (Huelsenbeck
and Ronquist 2001).
RNA Extraction
Three vegetative buds were harvested from mature plants of
B. plebeja and B. conchifolia (the same individuals used for
mapping) and from two individuals of B. venusta (RBGE
accession numbers 20021604 and 20021596). Buds were
dissected to leave apices with three developing leaves, the
longest of which was less than 5 mm long. Dissected buds
were frozen in liquid nitrogen and ground for RNA
extraction.
Total RNA was isolated using Invitrogen Plant RNA
purification reagent. Complementary DNA (cDNA) was
synthesized using the SMART cDNA protocol (Zhu et al.
2001) by the Evrogen synthesis service (Evrogen, Moscow,
Russia). cDNA fragment libraries were prepared for Roche
454 Titanium sequencing and sequenced on the 454-FLX
titanium platform (Roche, West Sussex, UK), followed by
signal-processing and base-calling using the Roche Shotgun
signal-processing software, gsRunProcessor version
2.0.01.12 (Roche) for B. conchifolia and B. plebeja, and
gsRunProcessor version 2.3 (Roche) for B. venusta. The
reads have been deposited in the Genbank Sequence Read
Archive, accession number ERP001195.
Transcriptome Analysis
Repeat elements were identified by BLASTX (Altschul et
al. 1997) searching reads against the Plant Repeat Element
Database (Ouyang and Buell 2004) and plastid, mitochondrial and viral sequences from the RefSeq database and
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these sequences were removed before subsequent analysis.
Reads were assembled using Newbler 2.5 (Roche) with
options enabled for transcriptome assembly ("-cdna"), and
trimming of SMART adapters ("-vt SMARTAdapters"). The
“-urt” option (“use read tips”) was enabled, to yield longer
assemblies (“isotigs”), although this may result in less accurate calling of low coverage bases. In addition to assembled isotigs of reads, Newbler also outputs isogroup data for
groups of overlapping but distinct isotigs that probably
correspond to alternative transcripts for individual genes.
Summary statistics for the 454 reads including numbers of
bases and reads, median read length (N50), percentage GC
content, percentage alignments, numbers of isogroups and
isotigs, median isotigs lengths, numbers of unaligned singleton reads and percentage inferred error were calculated
using a custom Perl script (available upon request).
Polymorphisms between species were identified using
GSmapper (Roche) by mapping reads from one species onto
assembled isotigs of the second species. High confidence
SNPs between species were identified as those for which all
reads from one species differed from the isotig assembly
sequence, and involved at least 3 reads in each direction or
at least 7 reads in the same direction.
Reciprocal BLAST searches of the assembled transcriptomes were performed using RBH Orthologs at Evopipes.net (http://evopipes.net, Barker et al. 2010). This program
searches for reciprocal best hits with MEGABLAST (Zhang
et al. 2000; Ma et al. 2002). Although MEGABLAST is not
recommended for cross species comparisons (Korf et al.
2003), the three species are so closely related (Fig. 1d) that
it should function acceptably well. This analysis identified
isotigs that were either shared between two or three species
or unique to one species (Fig. 2a). BLASTX was used to
determine the number of contigs in each of these categories
that matched sequence from the Green Plant Ref set
(National Centre for Biotechnology Information 2002;
Pruitt et al. 2012) with expect (e) values of less than −40.
The transcriptomes for individual species were annotated
with BLASTX hits at less than 1 × e−40 against Uniref and
the Green Plant reference databases. We also used Annot8r
(Schmid & Blaxter, 2008) to examine the tri-scriptome
alignment of all three species to identify genes and annotate
gene functions. This program uses BLASTX searches
against the uniprot database (The Uniprot Consortium
2011; http://www.uniprot.org/) and subsequent GO-term,
EC and KEGG annotations to determine the likely function
of genes. Annotation data, along with reciprocal BLASTX,
was uploaded into a partigene database (Parkinson et al. 2004)
available at http://genepool-blast.bio.ed.ac.uk/partigene/
Begonia.
Patterns of gene duplication that can be informative about
past polyploidization events were analysed using DupPipes
at Evolpipes.net (www.evopipes.net, Barker et al. 2008,

2010). Briefly, the program used MEGABLAST to identify
gene family members within the transcriptome with at least
40 % nucleotide similarity over 300 bp and BLASTX to
identify gene matches in the Green Plant Ref set database
(NCBI) with at least 30 % similarity over 150 bp. The amino
acid sequences of remaining isotig families were deduced,
trimmed for non-coding sequence, and transcribed back to
DNA sequences using Genewise v2.2.2 (Birney et al. 2004),
MUSCLE v3.6 (Edgar 2004) and vRevTrans 1.4 (Wernersson
and Pedersen 2003). Synonymous substitution Ks values,
a measure of neutral divergence, for each duplicate pair
were estimated under the F3-4 maximum likelihood
model (Goldman and Yang 1994) using PAML (Yang
1997). Finally, only node Ks values for each gene family
cluster and Ks values >0.05 and >2.0 were retained, removing
biases related to gene family size and potentially identical
genes missed by read alignments. The natural log Ks distribution was analysed to identify peaks of duplication relative to
a null hypothesis of an exponentially declining distribution
due to background gene birth-death processes using mixture
analysis as implemented by the mclust package in R v13
software (Fraley and Raftery 2006; R Development Core
Team 2012).
SNP Genotyping
The assembled transcriptomes for B. plebeja and B. conchifolia were interrogated for SNPs within potential developmental genes for marker development. The first set of
selected genes are known to influence morphology and
micro-morphology in other plant species. A second larger
set of genes consisted of potential transcription factors based
on the BLAST annotation of the Begonia transcriptomes.
Transcription factors were targeted because changes in their
expression frequently lead to large phenotypic effects. The
final set consisted of genes with potential influences on
morphology or responses to common developmental cues,
such as light, were also isolated using searches of the
BLAST annotation in the partigene database. To identify
sequence polymorphisms for genetic mapping, isotig
sequences from one parent species were BLAST searched
against the transcriptome for the other parent to identify
potential orthologs. Probable orthologs were identified as
having BLASTN e-values of less than e−100, deemed to be a
suitably stringent similarity threshold between these closely
related species. When likely orthologs were found, a reciprocal BLAST search was done to confirm orthology and to
identify any other closely related sequences. If potential
paralogs were detected, a locus was not considered further
for SNP marker development. Aligned reads were then
inspected to identify highly supported SNPs between species
surrounded on each side by approximately 50–60 bp of high
quality conserved sequence against which to design primers.
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As a final check, the presence of introns near to the SNP was
investigated by comparing the target sequence (~120 bp) to the
annotated genome sequence for the closest fully sequenced
relative of Begonia; Cucumis sativa (Cucurbitaceae) using
BLASTX at the online plant genome resource website Phytozome v5.0 (http://www.phytozome.net/).
In total, 130 SNPs in target genes were identified using
this approach. Summary data for these loci are provided in
the supplementary Table 1. Primer design and genotyping
was performed by KBiosciences (Hoddesdon, UK) using
their proprietary competitive allele-specific PCR genotyping
system (KASP). This led to 112 SNP markers being genotyped across 288 samples representing two repeats of each
parent species, two F1s, 162 PBC mapping individuals, and
117 CBC1 mapping individuals. A final set of 105 SNPs
were retained for further analysis following inspection of
SNP genotype results for interpretable heritability in mapping families.
AFLP Genotyping
A PCR amplification protocol for amplified fragment length
polymorphisms (AFLPs) was modified from the online protocol (http://bioweb.usu.edu/wolf/aflp_protocol.htm). The
complete AFLP methods and the sequences of primers are
provided in supplementary information (Supplementary
Note 1). In total, all 12 combinations of four fluorescent
dye-labeled EcoRI primers and three non-labelled MseI
primers were genotyped across all individuals. Genotyping
was performed on an ABI 3730 capillary sequencer system
at the Genepool Sequencing and Bioinformatics Facility at
the University of Edinburgh. Trace data were viewed and
analyzed using GeneMapper v4.0 (Applied Biosystems Inc.,
Foster City, CA, USA) and the presence or absence of fragments between 55 bp and 500 bp scored. Samples that
exhibited a summed AFLP peak height for a particular primer
combination that was in the lower ~10 % of the distribution
were removed. Loci that could not differentiate B. conchifolia
and B. plebeja and fragments that occurred at significantly
higher or lower frequencies than expected according to Mendelian inheritance (>0.90 or <0.25) were also excluded. Frequency distributions of peak heights were then examined at
the position of each remaining locus (typically giving a bimodal distribution corresponding to presence or absence of
the fragment), allowing a threshold intensity to be set for
filtering the presence of a fragment. Filtered data was then
analysed in AFLPscore v1.4b (Whitlock et al. 2008), that
compared normalized peak heights between duplicated AFLP
samples to estimate error rates for different filter threshold
combinations of locus median peak height and sample relative
peak heights. Optimal filtering procedures were chosen that
typically led to estimated AFLP genotyping error rates from
2 % to 5 % per primer combination.

Genetic Mapping
Genetic maps were constructed using the demonstration
version of Joinmap v4 (Plant Research International, Wageningen, Netherlands). The populations were treated as an
outcrossed mapping family (CP type) because heterozygous
parental species genotypes resulted in many informative
AFLP and SNP loci that with alleles that were present in
approximately 3:1 proportions that could therefore not have
been mapped with parameters restricted for backcross
populations.
Linkage groups of loci were identified at >4 logarithm of
odds (LOD) score and a maximum of 25 Kosambi centiMorgan (cM) between neighbouring loci. Genetic maps
were estimated using Joinmap’s default parameters for regression mapping. Map quality was assessed by examining
goodness of fit G2 likelihood ratio statistics and by comparing locus sharing and order between homologous linkage
groups in the two mapping families. Large initial linkage
groups with poor statistical support that were not recovered
from both populations were re-analysed and frequently split
into two well-supported linkage groups after removal of a
few markers that reduced their overall support. Genetic map
data was graphed using MapChart v2.2 (Voorrips 2002).
Total map length was estimated by either adding twice mean
marker distance to the length of each linkage group (add2s
method; Fishman et al. 2001) or by multiplying by the
correction factor (marker number +1)/(marker number −1)
(method 4; Chakravarti et al. 1991). The percentage of the
genome present within 5 and 10 cM distance of a mapped
marker, assuming markers are randomly distributed on
genetic maps, was estimated according to 1-exponent
((−2*distance*marker number)/map length) according to
Fishman et al. (2001). The extent of marker clustering on the
genetic maps was tested using a chi2 dispersion test against a
null poisson distribution of evenly distributed markers separated by mean marker distance.
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On the evolutionary history of the domesticated apple
To the Editor:
In a recent article, Velasco and colleagues
concluded that the European crab apple
Malus sylvestris had not contributed
significantly to the gene pool of the
domestic apple Malus ! domestica1, as had
previously been suggested2,3. Our reanalysis
of the polymorphism data from the Velasco
et al. study suggests that gene flow from
M. sylvestris to M. ! domestica cannot yet
be ruled out, and further study is needed
to accurately distinguish introgression
(due to secondary contact) from ancestral
polymorphism (due to incomplete lineage
sorting, ILS).
Across the 23 unlinked loci, the mean KST
between the Malus sieversii and
M. sylvestris species was low, ~0.3 (FST
values as measured by Velasco et al. were
lower)4. Several factors may affect the
accuracy of this result, primarily the
fact that a large number of sequences in
M. sylvestris were derived from half-sib
samples (trees grown from seeds from the

same tree). In addition, both species may
have structured populations, although
there is direct evidence of subdivision only
in M. sieversii5. Sampling of M. sylvestris
was carried out over large distances, with
unequal representation from each site,
which may also alter estimates of allele
frequency similarities between populations
and hence affect estimates of KST.
Analysis programs such as the SplitsTree
software used by Velasco and colleagues
attempt to interpret the uncertainty in
situations where hybrids may be present by
allowing for reticulation (recombination)
between lineages. However, no distinction
is drawn in these models between
reticulate evolution due to hybridization
and the presence of shared ancestral
polymorphisms due to insufficient time
for complete lineage sorting6. If trees are
estimated using concatenated data under
a variety of models (including simple
neighbor-joining trees and more complex
general time-reversible models), two

a

well-supported clades of M. sieversii and
M. sylvestris are seen (Supplementary Fig. 1
and Supplementary Methods). However, in
a locus-by-locus analysis, the reciprocally
monophyletic pattern is less clear, but good
support for separate clades is seen for 6
out of 23 loci (Fig. 1a and Supplementary
Table 1). If M. ! domestica samples are
included for the loci where distinct clades
are seen, the support for separate clades
often becomes much lower, and M. !
domestica samples are interspersed between
M. sieversii and M. sylvestris groups
(Fig. 1b and Supplementary Table 1). In
contrast, the analysis by Velasco et al. using
concatenated data and SplitsTree places
M. ! domestica exclusively among
M. sieversii samples.
As an alternative to phylogenetic
analysis, we used the available ancestral
polymorphism data in an approach that
requires an outgroup species to determine
the ancestral state of mutations. For the
outgroup, we used Malus yunnanensis (or

b
0.74

0.87

floribunda
sieversii6
sieversii3
sieversii8
sieversii10
sieversii1
sieversii4
sieversii7
sieversii2
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sylvestris10
sylvestris7
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sylvestris15
sylvestris4
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sylvestris20
sylvestris3
sylvestris6
sylvestris9
sylvestris17
sylvestris8
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sylvestris8
sylvestris20
sylvestris4
sylvestris1
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sylvestris2
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Figure 1 Single-locus tree of MDE03741.2. (a) The relationship between M. sieversii and M. sylvestris sequences without the addition of M. ! domestica.
(b) The same parameter set is used as in a but includes M. ! domestica sequences. Both trees have been simplified by collapsing branches within clades.
Parameters used are detailed in the Supplementary Methods.
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CORRESPONDENCE
when sequence was lacking for that species,
Malus tschonoskii or Malus floribunda).
We asked which polymorphisms were
private to M. sylvestris populations and
were never observed in the sample of
M. sieversii (Supplementary Table 2). We
identified 170 such instances across the 23
loci (~11 kb) of sequence. We then asked
whether any of the private M. sylvestris
alleles were seen in M. ! domestica. Eight
out of 23 loci showed evidence of an
introgression event. The incidence of an
introgression event was not randomly
spread across M. ! domestica cultivars,
with James Grieve, Red Delicious and
Worcester Pearmain showing the largest
number of polymorphisms shared
exclusively between M. sylvestris and
M. ! domestica (Supplementary Table 3).
Reassuringly, ‘Fuji’ (of known parentage,
‘Red Delicious ! Rawls Jenet’) shows
about half as much introgression as Red
Delicious, and all instances of introgression
are at the same sites as in Red Delicious.
One potential way of detecting recent
introgression from M. ! domestica into the
M. sylvestris gene pool is to assume that
M. sylvestris, like M. sieversii, is a
structured species. Examining the
distribution of alleles that could be
interpreted as having been transferred
to M. sylvestris from M. ! domestica
(by secondary contact) in individual,
geographically distant subpopulations
(Denmark, Germany, Russia and
Lithuania) reveals that they are often
present in all three subpopulations at high
frequencies. It is therefore parsimonious to
conclude that introgression has occurred
into M. ! domestica (rather than three
separate introgressions into M. sylvestris).
Furthermore, it is unlikely that in the
2,000–3,000 years that M. ! domestica
has been cultivated in Europe (perhaps
80–150 generations of M. sylvestris),
an introgressed polymorphism has
reached such high frequencies in all three
subpopulations of M. sylvestris. Manual
inspection of the data reveals that Cliva
(Cox Orange ! Oldenberg), Worcester
Pearmain (an open-pollinated seedling),
Red Delicious (of unknown parentage) and
Fuji (Red Delicious ! Rawls Jenet) share
a haplotype at the MDE13278.1 locus,
which is private to M. sylvestris (found
in all subpopulations of M. sylvestris but
never observed in M. sieversii). James
Grieve and Granny Smith exhibit different
patterns of allele sharing and may have
arisen from different introgression events
(their geographic origins indicate that this
1044

is likely). As many of our most popular
domestic cultivars arise from the small
handful of founder cultivars included in the
Velasco et al. study, it is perhaps reasonable
to assume that these will also potentially
carry portions of the M. sylvestris genome
and hence be of hybrid origin.
The analysis here is not definitive, and it
is possible that other populations of
M. sieversii have contributed to the gene
pool of M. ! domestica. Polymorphisms
that we have identified as private
M. sylvestris alleles could also be
segregating in M. sieversii populations
but are missing from the current limited
sample. Methods exist to predict the
true fraction of ancestral polymorphism
from an observed sample; however, these
require sites to be classified as synonymous
(neutral sites), a level of detail that is absent
from the small amount of polymorphism
data currently available in these species7.
Further study is needed before M. sylvestris
can be rejected as a significant contributor
of germplasm to the M. ! domestica
lineage.
Note: Supplementary information is available on the
Nature Genetics website.
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Micheletti et al. reply:
Harrison and Harrison comment on one
of the conclusions of our recent article1,
namely that Malus ! domestica was
domesticated from M. sieversii, a wild apple
species still common in central Asia2. They
suggest that our data do not allow us to
exclude M. sylvestris (European crab apple)
as one of the progenitors of M. ! domestica.
In regard to this comment, we here
confirm our conclusion. However, we do
agree that our results did not exclude the
possibility that gene flow from M. sylvestris
to M."! domestica could have occurred
during the time of cultivation of the
domesticated apple in the geographical areas
where M. sylvestris was present and that, as a
consequence, haplotypes of M. sylvestris
origin could occasionally be traced in the
domesticated apple gene pool. Nevertheless,
our molecular data support the hypothesis
that M. ! domestica was initially directly
domesticated from M. sieversii. Such a
hypothesis was previously based only
on morphological and geographical
observations2–4. We have used molecular
data to support the hypothesis of a closer
phylogenetic relationship of M. ! domestica
with M. sieversii as compared to M. sylvestris.
Here we present additional evidence of such
a direct phylogenetic relationship.
Our data confirm the close relationship of
the three species in question. We were aware
of the possible bias caused by pedigree
relationships among a few M. sylvestris
samples. After we excluded such putative
half-sibs, the estimates of FST between the
three species (# 0.01, as compared to the
estimates presented previously1) and the
species relationships within the SplitsTree
reticulate cluster (Supplementary Fig. 1) did
not change substantially. We agree that FST
estimation can also be biased by population
structure; however, we think that absolute
FST values are of limited importance when
addressing potential introgression from
wild species into a domesticated one.
(Introgressions could have occurred even if
FST values are low, in the context of marginal
gene flow.)
Programs such as SplitsTree5 are
commonly used for describing the
phylogenetic relationships between closely
related species. They cannot distinguish
between reticulate evolution and
incomplete lineage sorting in a situation of
close phylogenetic relationships. However,
the separation of M. sylvestris from
M. ! domestica was well supported within
the reticulate cluster, whereas this was
not the case for M. sieversii. In addition
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Population history and seed dispersal in widespread
Central American Begonia species (Begoniaceae)
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Seven plastid microsatellite markers derived from plastome sequence data were used to study the population
genetic structure in two widespread Begonia spp. from Central America. In B. nelumbiifolia, no variation was
found at any locus. In contrast, significant haplotype diversity was found in B. heracleifolia (hT = 0.937, hS = 0.444,
39 haplotypes, mean of 3.3 haplotypes per population), and populations showed high absolute levels of genetic
differentiation (G’ST = 0.829, D = 0.407). The distribution of haplotypes showed strong phylogeographical structure
(GST = 0.526, RST = 0.737, GST < RST, P < 0.05), but this pattern was poorly accounted for by commonly studied
historical scenarios, such as Pleistocene refugia or Pliocene differentiation at the Isthmus of Tehuantepec. Instead,
subdivision into a large number of regions, each containing local populations (e.g. when k = 9, FCT = 0.749, P < 0.05),
best explained the haplotype distribution. The lack of haplotype diversity in B. nelumbiifolia, a moist adapted
species, suggests that it may have been severely restricted in range during dry spells in the Pleistocene, and has
subsequently expanded from this recent population bottleneck. The high haplotype diversity in B. heracleifolia may
indicate that its adaptation to drought enabled it to survive in small, but ecologically suitable, pockets of isolated
habitat throughout the Pleistocene. Limited seed exchange between B. heracleifolia populations is likely to be
responsible for its high population substructure, and provided the opportunity for divergence through genetic drift.
This interpretation is consistent with previous population genetic studies in Begonia, and suggests a common
pattern of extremely low genetic exchange among a series of small, but long-lived, populations that may predispose
the genus to rapid speciation. © 2012 The Linnean Society of London, Botanical Journal of the Linnean Society,
2012, 00, 000–000.

ADDITIONAL KEYWORDS: dispersal limitation – Isthmus of Tehuantepec – Mexico – phylogeography –
plastid microsatellites – Pleistocene climate change – Pleistocene refugia.

INTRODUCTION
The Neotropics are the most species-rich region on
Earth, harbouring over 90 000 species of angiosperms
(Richardson et al., 2001; Antonelli & Sanmartín,
2011). The northern limit of the Neotropics passes

*Corresponding author. E-mail: a.twyford@rbge.org.uk

through Mexico, one of the highest ranked countries
in terms of its species richness and species endemism
(Myers et al., 2000). The assembly of this diversity
over time has been complex, with various biotic and
abiotic mechanisms contributing to species diversification (reviewed in Antonelli & Sanmartín, 2011).
Within this diverse array of species, there is likely
to be high genetic diversity as a consequence of
long-term survival in stable populations throughout
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Figure 1. Collection sites of Begonia heracleifolia (orange circles) and B. nelumbiifolia (blue squares). Pleistocene refugia
presented by Toledo (1982) are shown as black open circles, and the Isthmus of Tehuantepec is indicated by an arrow.
Letters refer to the refugia listed in Table 1.

the Pleistocene (Bawa, 1992; Metcalfe et al., 2000).
However, the geographical distribution of this genetic
variation is dependent on the particular history of the
populations involved.
Patterns of genetic diversity in tropical Mexico may
reflect pre-Pleistocene events (Ornelas, Ruiz-Sánchez
& Sosa, 2010; Bryson, García-Vázquez & Riddle,
2011). In particular, the Isthmus of Tehuantepec
forms a narrow strip of lowland linking the southcentral Mexican highlands to the uplands of Chiapas
and Central America (Fig. 1). It has been suggested
that the area may have been a historical seaway for
much of the Pliocene and Pleistocene (Barrier et al.,
1998; Morrone, 2006), and therefore a major barrier
to gene flow during this period. Such a barrier may
have left a genetic signature of differentiation
between populations on either side of the Isthmus.
This has been detected in phylogeographical studies

for many mid- and high-elevation taxa (e.g. pitvipers,
Castoe et al., 2009; harvest mice, Sullivan, Arellano &
Rogers, 2000; bird-dispersed Rubiaceae, GutiérrezRodríguez, Ornelas & Rodríguez-Gómez, 2011), as
well as low-elevation taxa (e.g. lyresnakes, Devitt,
2006; toads, Mulcahy, Morrill & Mendelson, 2006).
A second factor potentially influencing the distribution of genetic variation is the manner in which
populations were affected by climatic fluctuations
during the Pleistocene. Colinvaux, De Oliveira & Bush
(2000) believed that wet tropical forests were stable
during the Pleistocene and, under these circumstances, no effect of Pleistocene climatic fluctuations
would be expected on the genetic structure of tropical
species. Other authors have proposed that tropical
lineages were affected by climatic fluctuations and
only survived in areas receiving high rainfall that
remained continually warm and therefore acted as
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refugia during cool, dry Pleistocene periods (Fig. 1;
Haffer, 1969; Toledo, 1982; Mary & O′Hara, 1986;
Prance, 1987). Neotropical refugia for south Mexico
and Guatemala (Toledo, 1982) and elsewhere in
Central America (Prance, 1987) have been proposed
on the basis of concentrated areas of species diversity
and species endemism. If the Neotropical Pleistocene
refugia hypothesis (Haffer, 1969) is true, a signature
of strong genetic differentiation among these proposed
refugial areas would be expected for tropical species.
To date, population genetic studies of a variety of taxa
have provided no general consensus regarding the
importance of Neotropical refugia during the Pleistocene (Gutiérrez-Rodríguez et al., 2011).
In addition to these major geological events and
geographical barriers, local patterns of physiographic
heterogeneity and habitat fragmentation in more
recent times may also have played a role in structuring genetic diversity. Reconstructions of the range of
lowland tropical wet forests in the Quaternary
suggest that habitat discontinuity was accentuated
during cooler drier periods (Toledo, 1982; Metcalfe
et al., 2000; Cárdenas et al., 2011). ‘Islands’ of suitable
habitat may have been isolated from one another by
inhospitable terrain, such that migration between
patches was low. Genetic drift will act strongly in
small isolated populations, with genetic variation
being lost within populations, and genetic differentiation between them being increased (Quinn & Harrison, 1988). The effects of habitat fragmentation are
expected to affect short-lived taxa, such as herbaceous
plants, more strongly than long-lived trees, as dispersal between populations is more limited, and there
are a greater number of generations for mutations to
accumulate, and for the action of genetic drift and
selection to take place (Duminil, Hardy & Petit,
2009). If there was restricted gene flow between populations within the Quaternary, as outlined above,
genetic differentiation among many different regions
would be expected, the pattern showing no correspondence to pre-Pleistocene geographical barriers or
putative Pleistocene refugial regions.
In order to gain an insight into the history of
Neotropical plant species through genetic analysis,
suitable genetic markers are required (Avise et al.,
1987). Studies using multiple unlinked nuclear
markers are needed to resolve patterns of recent gene
flow and pollen dispersal, but plastid markers have
some merits over nuclear markers for phylogeographical studies. These properties include the
absence of recombination, low effective population
size and the conservative mutation rate, allowing for
primers to be designed over a wide taxonomic range
(Ennos et al., 1999; Provan et al., 1999; Provan,
Powell & Hollingsworth, 2001). However, the main
concern with plastid sequencing is the low rate of

3

nucleotide substitution (Whittall et al., 2010), particularly when analysing relationships between groups
that have undergone recent radiations (Richardson
et al., 2001) or when resolving intraspecific relationships, where sequence divergence is predicted to be
low. An alternative to sequence-based markers or
single nucleotide polymorphisms (SNPs) are plastid
microsatellites, which have a higher mutation rate
(Provan et al., 1999, 2001; Jakobsson, 2007). The
most direct method for locating suitable plastid microsatellite markers is to sequence the plastid genome
(plastome) of individuals and select the most variable
loci (Ebert & Peakall, 2009). However, until recently,
this would not have been a viable option, because the
generation of large quantities of sequence data is
expensive. Next-generation sequencing (NGS) technologies are significantly reducing the costs of generating whole plastomes (Cronn et al., 2008), but have
not been generated routinely for intraspecific studies
to date (Whittall et al., 2010).
In this study, we use plastid microsatellite markers
derived from plastome sequence data to investigate population genetic patterns in two widespread
Central American species of Begonia L.: B. heracleifolia Cham. & Schltdl. and B. nelumbiifolia Cham. &
Schltdl. Previous genetic studies of Begonia spp. have
shown dispersal limitation between populations in
discontinuous habitats (Matolweni, Balkwill & Mclellan, 2000; Hughes, Hollingsworth & Miller, 2003;
Hughes & Hollingsworth, 2008), suggesting that
Begonia is a good study system for understanding
how geographical barriers affect patterns of gene flow
and genetic differentiation. Here, we ask whether two
historical scenarios, dispersal limitation across the
Isthmus of Tehuantepec and survival in Pleistocene
refugia, have left a detectable genetic signature in
extant Begonia populations in Central America. If the
Isthmus of Tehuantepec has influenced historical
gene flow between Begonia populations, a clear east–
west genetic break would be expected either side of
the Isthmus. In contrast, if the Pleistocene glacial
refugia proposed by Toledo (1982) have played a role,
high genetic diversity would be expected in former
glacial refugia, and haplotypes would not be shared
between refugia. We also examine whether a third
scenario, of dispersal limitation between long-lived
isolated Begonia populations, fits the pattern of
genetic diversity better. If this is the case, high levels
of phylogeographical structure, measured using
RST, and genetic differentiation, measured using
statistics such as D (Jost, 2008), would be expected,
which are unrelated to the patterns outlined above.
In the light of our findings, we evaluate the benefits of using microsatellite markers derived from
plastome sequences for studying phylogeographical
patterns.
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Figure 2. A, Leaf shape variation in Begonia heracleifolia. Photographs taken from wild collected plants grown in a
common glasshouse environment. B, Begonia nelumbiifolia growing on a shady rock near Motzorongo. For colour, readers
are referred to the online copy.

MATERIAL AND METHODS
STUDY

SPECIES

The mega-diverse genus Begonia, with >1500 species,
is one of the ten largest plant genera (Frodin, 2004).
Approximately 690 Begonia spp. have been recorded
in Central America (Goodall-Copestake et al., 2010;
Dewitte et al., 2011), and no previous phylogeographical or population genetic studies have been conducted.
Begonia spp. are typically herbaceous plants or
understorey shrubs that grow in wet tropical lowland
and montane forests, but some Central American
species have a rhizomatous habit and have adapted to
seasonally dry forests. They are monoecious, and
their flowers are white or light pink with two petaloid
sepals, which attract generalist pollinators, and
pollen dispersal between populations is predicted to
be low (Ågren & Schemske, 1991). The small seeds
are not modified to promote dispersal by an animal
vector or by wind, and are therefore expected to have
limited dispersal. These attributes differ markedly
from those of Neotropical trees, which have been the
focus of phylogeographical studies (e.g. Cardoso et al.,
1998; Cavers, Navarro & Lowe, 2003; Ornelas et al.,
2010; Poelchau & Hamrick, 2012a), and therefore
their responses to past climatic fluctuations in relation to Pleistocene refugia are expected to differ.
The species selected, B. heracleifolia and B. nelumbiifolia, were chosen for their different ecological preferences (Hoover, 1979), being adapted to dry and
moist habitats, respectively. Comparative population
genetic studies of related species with different ecologies can potentially distinguish between the influence
of past biogeographical barriers, which would affect
the dispersal of both species, and the distribution of

suitable habitat, which may affect one species more
than another (Bermingham & Moritz, 1998). Their
widespread distributions (B. heracleifolia grows from
Mexico to Honduras, B. nelumbiifolia from Mexico to
Colombia) and their tendency to grow as ruderals
differ from most other Begonia spp., which are often
narrow endemics in primary habitat (Hughes & Hollingsworth, 2008). The species are diploid (2n = 28;
Legro & Doorenbos, 1969) nonsister species, based on
preliminary analysis using the nuclear ribosomal
internal transcribed spacer (nrITS) and plastid
trnL-F intron (C. A. Kidner, unpubl. data). Begonia
heracleifolia has repent rhizomes and symmetrical or
weakly asymmetrical lobed leaves with serrations,
and varying degrees of dark blotches and coloured
margins, although leaf phenotype (colour of the leaf
blade and degree of leaf lobing) varies across its range
(Fig. 2A). Begonia nelumbiifolia has large peltate
leaves and densely packed symmetrical inflorescences
(Fig. 2B), and is relatively morphologically uniform
throughout its range.

SAMPLING
Population samples were collected in the south
Mexican states of Chiapas, Oaxaca and Veracruz
(Fig. 1). Between three and 30 individuals per population were collected for genotyping. Individuals were
selected at a minimum sampling distance of 1 m to
reduce the chance of collecting clonally reproducing
plants (Hughes & Hollingsworth, 2008). Flower or
young leaf material was collected in silica gel stored
at room temperature prior to DNA extraction
(Table 1). A single representative of each population
is lodged at the herbarium at E, except for the
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n/a, not applicable.

n25
n26

h24
h26
h28
h-g1
B. nelumbiifolia
n1
n4
n5
n7
n11
n18
n21

h23

B. heracleifolia
h2
h3
h4
h5
h8
h9
h10
h12
h13
h14
h15
h16
h21

Population code

Near Los Tuxtlas biological station
8 km NE San Andrés Tuxtla
9 km NE San Andrés Tuxtla
Road to Ocosingo from Palenque
Ocozocoautla biosphere reserve
Valley 25 km east of Huatusco
Highway 175 between Jasaa and
San Juan Bautista
Arroya Zacata
San Jerónimo Zoochina

4 km NE San Andrés Tuxtla
7 km NE San Andrés Tuxtla
8 km NE San Andrés Tuxtla
9 km NE San Andrés Tuxtla
Agua Azul
Unión Juárez
Ocozocoautla biosphere reserve
Ocozocoautla biosphere reserve
Near Berriozábal
Roadside to Fortin de las Flores
5 km south of Orizaba
Valley 30 km east of Huatusco
Highway 175 between Jasaa and
San Juan Bautista
Highway 175, near Santa Maria
Jacatapec
Motzorongo
San Jeronimo Zoochina
Near Santa Maria Xanabi
Cobán

Locality

Oaxaca
Oaxaca

Veracruz
Veracruz
Veracruz
Chiapas
Chiapas
Veracruz
Oaxaca

Oaxaca
Oaxaca
Veracruz
Alta Verapaz

Oaxaca

Veracruz
Veracruz
Veracruz
Veracruz
Chiapas
Chiapas
Chiapas
Chiapas
Chiapas
Veracruz
Veracruz
Veracruz
Oaxaca

State

Mexico
Mexico

Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico

Mexico
Mexico
Mexico
Guatemala

Mexico

Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico

Country

17.73981
17.22117

18.59026
18.50660
18.52009
17.42477
16.92489
19.20367
17.74356

18.66953
17.22117
15.98808

17.86422

18.47850
18.50341
18.50660
18.52009
17.22117
15.08881
16.90533
16.94645
16.86693
18.89370
18.78253
19.20111
17.74356

Latitude

630
883
910
1041
431
1718
957
625
1153
902
1300
290
1246
60
470
109

165
910
1041
396
888
635
1246
78
109

-96.21381
-96.78714
-95.23547
-96.11061

-95.07876
-95.16607
-95.16176
-91.99712
-93.45090
-96.74256
-96.32803
-95.79133
-95.23547

Altitude (m)

-95.17802
-95.16824
-95.16607
-95.16176
-92.11073
-92.08448
-93.45153
-93.45651
-93.32781
-97.01050
-97.08508
-96.67139
-96.32803

Longitude

West
West
West
East

West

West
West
West
West
East
East
East
East
East
West
West
West
West

West/east
Isthmus of
Tehuantepec

a
n/a
n/a
f

b

c
c
c
c
e
d
n/a
n/a
n/a
a
a
a
b

Refugial
area

Table 1. Collection details for Begonia samples used in this study. For B. heracleifolia, the positions relative to the Isthmus of Tehuantepec and the nearest
Pleistocene refugium (if applicable) proposed by Toledo (1982) are also indicated. Refugial area refers to those marked in Figure 1
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Guatemalan population, for which the specimen is at
BIGU.

DNA

EXTRACTION

Total genomic DNA was isolated from 25 mg of silicadried flower or leaf material using a modified protocol
for the DNeasy 96-sample kit (Qiagen, Germantown,
MD, USA). Dry material was disrupted for two cycles
of 2 min (25 Hz), and centrifuged for 10 s (1200 g),
prior to the recommended heated lysis, to obtain a
fine powder. The heated lysis was extended from
30 min to 1 h to increase the yield of DNA. As a
result of unknown inhibitors of polymerase chain
reaction (PCR), all DNA was diluted 100-fold with
Millipore ultrapure water prior to PCR.

PLASTID

MICROSATELLITE MARKER DESIGN

Plastid marker design
New plastid microsatellite markers were designed
from the draft plastome of B. nelumbiifolia (N. Harrison & C. A. Kidner, unpubl. data). The frequency
and length of microsatellite repeat motifs in the plastome were calculated using the Phobos Tandem
Repeat Finder v3.3.12 plugin for Geneious v5.4
(Mayer, 2006–2010). Primers were designed around
perfect (uninterrupted) microsatellite motif repeats
using WebSat (Martins et al., 2009). The plastome
sequence was uploaded to WebSat in two FASTA files,
and primers were designed to amplify PCR products
between 100 and 400 bp in length, with an optimal
primer melting temperature (Tm) of 60 °C and a
primer GC content of 40%. Forty potential primer
pairs located in WebSat, amplifying mononucleotide
or dinucleotide repeats of at least eight repeat units
in length, were annotated onto the plastome of
B. nelumbiifolia in Geneious v5.4 (Drummond et al.,
2011). The primer pairs were compared with the
plastome sequences of 15 other Begonia species (N.
Harrison and C. A. Kidner, unpubl. data), and those
that were not conserved between species in the same
section [Gireoudia (Klotzsch) A.DC, 66 species; BurtUtley, 1985] were discarded. The markers with the
most variable microsatellite repeat lengths between
species were further tested to determine their suitability for population genetic analysis.
Plastid marker test
Sixteen individuals from different populations of
B. heracleifolia were used to test the amplification
success and allelic diversity of the plastid markers. All
primers (listed in Table 2) were tested individually
prior to multiplex testing (below). PCRs were performed using M13-tailed fluorescent primers
(Schuelke, 2000). PCRs were performed in a final

volume of 10 mL, containing 0.5 mL of 1 mM M13tailed forward primer (Invitrogen, Grand Island, NY,
USA), 1 mL of reverse primer (1 mM), 1 mL of 1 mM
M13 fluorescently modified primer [6-FAM, VIC,
NED, PET (Applied Biosystems, Foster City, CA,
USA)], 0.25 mL of bovine serum albumin (BSA, 0.4%),
1 mL of 10¥ reaction buffer, 1 mL of 2 mM deoxynucleoside triphosphates (dNTPs), 0.6 mL of 25 mM MgCl2,
3.6 mL of double-distilled H2O, 0.05 mL of Biotaq polymerase (Bioline, London, UK) and 1 mL of dilute DNA
template. PCR was performed in a Peltier Thermal
Cycler and consisted of a profile of initial denaturation
at 95 °C for 1 min, followed by 40 cycles of denaturation at 95 °C for 1 min, annealing at 57 °C for 1 min,
followed by extension at 72 °C for 1 min. PCR products
were run on a 2% agarose gel stained with SYBR Safe
gel stain (Invitrogen) and visualized under UV light.
One microlitre of each PCR product labelled with the
four fluorescent dye colours was pooled and diluted
50¥ in Millipore distilled H2O prior to fragment analysis on an ABI3730 at the GenePool (University of
Edinburgh, UK) using GeneScan 500 LIZ internal size
standard (Applied Biosystems, Foster City, CA, USA).
Fluorescent traces were analysed automatically
with manual editing using GeneMapper v4.0 (Applied
Biosystems).
PCR products of microsatellite repeats are prone to
PCR amplification errors caused by slipped-strand
mis-pairing (Fazekas, Steeves & Newmaster, 2010).
To check whether changes in the length of the target
microsatellite motif correlated directly with the
change in PCR product size, rather than other microsatellites in the flanking region or other indels, we
sequenced a subset of individuals. Long mononucleotide repeat motifs (!15 bp) can amplify poorly.
Therefore, to mitigate this problem, they were amplified using AmpliTaq Gold polymerase, as recommended by Fazekas et al. (2010), employing the
protocol recommended by the manufacturer. Excess
primers and sequencing reactions were performed
using the protocol of Thomas et al. (2011).
Multiplex PCR test
The plastid microsatellite primers that amplified well
individually were tested for multiplex compatibility.
To reduce the likelihood of amplifying large nontarget
PCR products between adjacent primer sites, the
primer pairs were annotated onto the whole plastome
of B. nelumbiifolia in Geneious v5.4, and primer combinations within 5 kb were excluded. Additional
primer–primer interactions that interfere in the
amplification of the template DNA were tested for
using AutoDimer (Vallone & Butler, 2004). Potentially
compatible multiplex partners were then tested
empirically by sequentially mixing equimolar concentrations of each primer pair and testing PCR on one
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F: M13-GGATTCGAGTTGGATTGGACTA
R:CGAGAAAGTCTACGGTTCGAGT
F: M13-TGTGCCTTTAGTGGGCTTAGTT
R:TCTGTGTTATGGTAGAAGTCGCA
F: M13-CCCTCGATAGTTCTTTGTTTCG
R:TTTGATCCCTTTATCAGCCAAC
F: M13-GGGAAGGGAGGATTCATAAAAT
R:AACGGAGCACCTAACAACGTAT
F: M13-CGGCAGAAATAAGTGGATTCAT
R:TCCTTCCGTTTCGTCTGTAGTT
F: M13-GCTATGGTGAAATCGGTAGACA
R:GCGGAAGCATATAGTCCTACAA
F: M13-CTTTGCCAAGGAGAAGATGC
R: CGGTCAATTAGGCTTAATCTTTTT
F: M13-GATTCAAATGGTTCTCGGAAA
R: TCACTATCAGTTGATAAAGTTGAAGC
F: M13-TAATGACCCGGGACGTAATC
R: GGGTTCGAATCCCTCTCTTT

Bnc1

(A)9†
(T)15
(AT)14
(T)15
(T)13
(C)11
(T)13
(T)15
(A)15

5 (PET)
2 (FAM)*
3 (VIC)
5 (PET)
3 (VIC)
4 (NED)
4 (NED)
4 (NED)

Motif

1 (FAM)*

Multiplex
(fluorophore)

n/a‡

6

8

n/a‡

7

3

6

3

3

N alleles

235–242

181–188

126–137

350–376

338–350

189–191

398–412

177–183

343–347

Product size
range (bp)

*As a result of preferential amplification of one of the products, these loci were amplified individually and pooled in equimolar ratios prior to fragment analysis.
†Mutationally complex region with multiple microsatellites. Longest motif listed.
‡
Not used in analyses, see text.
M13 motif, CACGACGTTGTAAAACGAC; n/a, not applicable.

Bnc16

Bnc14

Bnc13

Bnc11

Bnc9

Bnc7

Bnc6

Bnc2

Primer sequences

Locus

Table 2. Plastid microsatellite primers generated for this study. Motif refers to the plastome of Begonia nelumbiifolia; N alleles and product size range are the
number of alleles found in B. heracleifolia and the polymerase chain reaction (PCR) product size, respectively
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individual of each species. Once successful combinations were observed (amplification of both products
with similar band intensities on an agarose gel,
minimal primer dimers), this procedure was repeated
until the optimal multiplexing combinations were
derived from the available markers. Multiplex PCR
assays were then conducted on population-level
samples of B. heracleifolia and B. nelumbiifolia.

HAPLOTYPE

DISTRIBUTIONS AND RELATIONSHIP
AMONG HAPLOTYPES

A plastid haplotype can be defined as the unique
combination of alleles at multiple loci from the plastid.
Plastid haplotypes were defined in a Microsoft Excel
(Microsoft Corporation, Washington DC, USA) spreadsheet using the Chloroplast PCR-RFLP Excel macro
(French, 2003). To assess the relationships between
haplotypes, we calculated haplotype connection
lengths in Arlequin v3.0 (Excoffier, Laval & Schneider,
2005), and visualized the minimum-spanning tree in
HapStar v0.5 (Teacher & Griffiths, 2011). We also
constructed a median-joining network in Network
(http://www.fluxus-engineering.com) using default
parameters. We visualized the spatial distribution of
plastid haplotypes by plotting haplotypes by hand onto
a topographical map of Central America (downloaded
from http://www.worldclim.org).

POPULATION

GENETIC DIVERSITY AND

GENETIC DIFFERENTIATION

A reduced dataset including only populations for
which all loci amplified in at least three individuals
(15 of 18 populations) was used for population genetic
analyses. The total number of haplotypes and the
mean number of haplotypes per population were calculated, and the intrapopulation haplotype diversity
was assessed using the gene diversity index (He)
calculated in Arlequin v3.0.
Absolute measures of differentiation (G’ST and Jost’s
D) were calculated in SMOGD (Crawford, 2010), and
their significance was calculated with 1000 bootstrap
replicates. G’ST is a standardized GST based on the
maximum level of differentiation possible for a given
set of gene diversities (Hedrick, 2005). D (Jost, 2008) is
a test statistic based on the effective number of alleles,
and is therefore a good measure of allelic differentiation among populations (Meirmans & Hedrick, 2011).
We tested for a pattern of isolation by distance, which
can indicate dispersal limitation between populations.
Pairwise FST values between populations were calculated in Arlequin and their significance was calculated
by 1000 permutations. Pairwise geographical distances between populations were calculated with the
Geographic Distance Matrix Generator v1.2.3 (http://

biodiversity informatics.amnh.org/open_source/gdmg)
(Ersts, Internet). We regressed pairwise estimates of
FST/(1 -FST) against the natural logarithm of geographical distance (Rousset, 1997) and tested the
significance of the relationship using a Mantel test
with 10 000 permutations in Isolation by Distance
(IBD) Web Service (Jensen, Bohonak & Kelley, 2005).
The relative roles of different historical scenarios on
the patterns of haplotype distributions were assessed
using analysis of molecular variance (AMOVA), following the barriers tested by Gutiérrez-Rodríguez
et al. (2011). First, we evaluated the proportion of FST
accounted for by the Isthmus of Tehuantepec. Second,
we tested the proportion of FST accounted for by the
glacial refugia presented by Toledo (1982), by placing
populations in broad bins surrounding these refugia.
AMOVAs were performed in Arlequin with 20 000
permutations per test, and the groups used for each
AMOVA are shown in Table 1.
We also tested whether other groups of populations form distinct genetic clusters, without defining
potential groups a priori, using spatial analysis
of molecular variance (SAMOVA) implemented in
SAMOVA v1.0 (Dupanloup, Schneider & Excoffier,
2002). This approach groups adjacent populations
that are genetically similar to each other, whilst
maximizing between-group genetic variance, without
making assumptions of ploidy, linkage or Hardy–
Weinberg equilibrium. We tested all k values between
k = 2 and k = 15 using 100 initial conditions per test
and the sum of the squared size difference setting
recommended for microsatellite data. To test whether
related haplotypes are more likely to be found in
geographical proximity to each other (phylogeographical structure), we compared patterns of unordered
haplotype frequencies (GST) with the squared difference of the number of repeats (RST) in the program
cpSSR (Pons & Petit, 1996).

RESULTS
PLASTID

MICROSATELLITE MARKER DESIGN

The draft B. nelumbiifolia plastome contained 232
perfect mononucleotide repeats exceeding eight
repeat units in length, 114 of which were longer than
10 repeat units. Repeats longer than eight repeat
units in length included: 101 poly(A), 126 poly(T),
four poly(C) and one poly(G) repeat. The longest
repeat was a mono(A) repeat with 25 repeat units, but
this result may be biased as NGS frequently underestimates the length of mononucleotide repeats
(Chan, 2009), and long repeat units were often followed by a chain of unknown nucleotides (Ns). The
B. nelumbiifolia plastome also contained seven
dinucleotide repeats with at least six repeat units, six
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Table 3. Plastid haplotype frequencies and gene diversities per population. Population codes refer to Table 1. N is the
number of individuals genotyped. The frequency of each plastid type (pt) is indicated in parentheses
Population
code

N

Haplotypes

h2
h3
h4
h5
h8
h9
h10
h12
h13
h14
h15
h16
h21
h23
h24
h26
h28
h-g1

7
27
3
33
10
1
2
19
7
3
15
2
20
16
35
28
7
28

pt1(6), pt2(1)
pt1(1), pt2(20), pt3(1), pt4(3), pt5(2)
pt2(2), pt6(1)
pt2(28), pt6(4), pt7(1)
pt8(5), pt9(1), pt10(4)
pt11(1)
pt12(2)
pt13(16), pt14(1), pt15(1), pt16(1)
pt17(3), pt18(1), pt17(3), pt18(1)
pt1(3)
pt1(9), pt19(1), pt20(4), pt21(1)
pt1(1), pt2(1)
pt4(6), pt22(14)
pt23(10), pt24(2), pt25(3), pt26(1)
pt27(29), pt28(3), pt29(1), pt30(1), pt31(1)
pt2(18), pt5(7), pt32(1), pt33(1), pt34(1)
pt35(6), pt36(1)
pt21(6), pt37(20), pt38(1), pt39(1)

of which were poly(AT) and one poly(TG). Thirty-one
of the 40 (77.5%) primer pairs that were compared
across the plastome alignment were conserved
between species of section Gireoudia.
All nine of the plastid microsatellite primers that
were conserved across section Gireoudia applied in
the first round of testing successfully amplified a
fragment in both species. A multiplex PCR assay was
found to incorporate all nine loci in five PCR reactions
without affecting the band profile, producing large
primer dimers or greatly reducing the yield of one of
the products (Table 2). Locus Bnc16 did not amplify
well in some samples, so that these primers were not
used for further genotyping. Overall, the full set of
eight loci was successfully amplified in 263 individuals from 18 populations for B. heracleifolia and 187
individuals from 13 population of B. nelumbiifolia
(Table 1). The full matrix of plastid microsatellite
data is available as Supporting Information Table S1.
Begonia nelumbiifolia was monomorphic for all
genotyped loci, and therefore no further population
genetic analyses could be conducted on this species.
In contrast, B. heracleifolia was polymorphic for all
eight loci. One locus, Bnc11, had a 15-bp deletion
relative to the second shortest allele at the locus. As
some measures of population differentiation (e.g.
measures of RST) assume a stepwise mutation model,
this locus was excluded from further analyses. The
alleles at the remaining seven loci generally differed between the two species, with few overlapping
allelic variants, and a 12-bp deletion at locus Bnc6

Gene
diversity
0.041
0.107
0.286
0.102
0.137

0.087
0.218
0.000
0.210
0.063
0.364
0.097
0.184
0.041
0.137

consistently distinguished the two species. For
B. heracleifolia, the mean number of alleles per locus
was 5.2; the full lists of the numbers of alleles per
locus and gene diversities are given in Tables 2 and 3,
respectively.

HAPLOTYPE

DISTRIBUTIONS AND THE RELATIONSHIP
AMONG HAPLOTYPES

Thirty-nine haplotypes from the allelic combinations
of seven plastid microsatellite loci were found in
B. heracleifolia (Table 3). Only six of the 39 haplotypes (pt1, pt2, pt4, pt6, pt21, pt23) were shared
between populations, with the remaining 33 (85%)
being private haplotypes (Fig. 3). The most widespread haplotypes were pt1 and pt2, which were
found in five and seven populations, respectively, and
pt5 and pt6 were shared between distant populations
within the Mexican Gulf region (sensu Escalante
et al., 2007). The only haplotype shared across geographical regions was pt21, which was common to one
of the most westerly populations (h15) and the most
easterly population from Guatemala (hg), separated
by >800 km. In the haplotype tree, pt21 fell in a
haplogroup with four other haplotypes from the
Mexican Gulf.
The minimum spanning tree (Fig. 4), which is a
single parsimony tree reconstructing the relationship
between haplotypes, showed no large-scale phylogeographical structure or distinct haplogroups. However,
local geographical structure was indicated by haplo-
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Table 4. Analysis of molecular variance (AMOVA) of Begonia heracleifolia by populations (a), collection groups (inferred
Pleistocene refugia) (b) and west–east division at the Isthmus of Tehuantepec (c)

d.f.
(a)
Among populations
14
Within populations
243
(b) Collection groups (inferred Pleistocene refugia)
Among groups
7
Among populations within groups
7
Within populations
243
Total
257
(c) W–E Isthmus Tehuantepec
Among groups
1
Among populations within groups
13
Within populations
243
Total
257

Sum of
squares

Variance
components

Percentage
of variation

Fixation
indices

301.739
114.563

1.256
0.471

72.77
27.23

FST = 0.728

222.918
78.821
114.563
416.302

0.524
0.781
0.471
1.777

29.51
43.96
26.53

FCT = 0.296
FSC = 0.624
FST = 0.735

41.641
260.098
114.563
504.612

0.163
1.193
0.471
2.172

8.91
65.28
25.80

FCT = 0.089
FSC = 0.717
FST = 0.742

types being clustered with others from the same area.
The internal haplotypes included pt1 and pt2, which
were some of the few widespread haplotypes. The
median-joining network also showed consistent
results, with the absence of broad-scale phylogeographical structure, but local clustering (results not
shown).

POPULATION

GENETIC DIVERSITY AND

GENETIC DIFFERENTIATION

Begonia heracleifolia showed significant structuring of genetic diversity (GST = 0.526, hT = 0.937,
hS = 0.444). Pairwise comparisons of population structure (FST) were also high, with 89% of pairwise FST
values significant at P < 0.05 (data not shown). The
mean value of Hedrick’s (2005) standardized estimator of genetic differentiation G’ST was 0.829. The value
for Jost’s estimator of genetic differentiation D was
0.407.
The Mantel test between genetic distance and the
natural logarithm of geographical distance recognized
significant isolation by distance (Z = 153.7, r = 0.439,
P < 0.005); however, this relationship explained a
limited amount of the genetic structure (r2 = 19%). To
test whether plastid mutations had accumulated in
each population, we calculated the level of significance between GST and RST by a permutation test. An
RST value of 0.737 (0.0872 SE) was significantly
greater than the GST value of 0.526 (0.0577SE,
P < 0.05), indicating phylogeographical structuring of
related haplotypes.

HISTORICAL

BARRIERS TO GENE FLOW

Most spatial structuring of genetic diversity was not
explained by an east–west break at the Isthmus of

Tehuantepec (FCT = 0.08915, P = 0.15) in the hierarchical AMOVA (Table 4). A higher and significant level
of plastid variation was partitioned between geographical clusters that corresponded to glacial refugia
(FCT = 0.2951, P < 0.05). Patterns of genetic structure
influenced by geographical barriers that were not
tested in the ANOVAs were assessed with SAMOVA.
The highest FCT value in the SAMOVA corresponded
roughly to the number of broad geographical areas
sampled (k = 9, FCT = 0.749), or as the level of subdivision approached the actual number of populations
collected (e.g. k = 13, FCT = 0.746). At k = 9, a single
widespread geographical cluster contained localities
in the Mexican Gulf (populations h3, h4, h5, h14, h15,
h26).

DISCUSSION
BETWEEN-SPECIES

COMPARISONS OF GENETIC

DIVERSITY

Of the two species examined here, B. heracleifolia
showed significant spatial structuring of genetic
diversity, whereas B. nelumbiifolia showed no polymorphisms at any locus examined. There are a
number of possible explanations for the reduced
plastid variation within B. nelumbiifolia relative to
B. heracleifolia, one of which is that it could be a
genotyping artefact. We used seven plastid microsatellite loci and, by chance, the loci selected may show
no variation; other loci in the plastome may show
variation. However, this seems unlikely, as we used
loci with the longest repeat motifs from B. nelumbiifolia; therefore, we do not anticipate any ascertainment bias. Further evidence for a lack of variation
within B. nelumbiifolia comes from the absence of
any SNP variation in the flanking regions of the
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100km

Figure 3. Spatial distribution of plastid haplotypes in Begonia heracleifolia. Pie charts are placed at the site of each
collection, and the chart size is proportional to the number of individuals genotyped. The size of each segment corresponds
to the number of individuals with a given haplotype. White segments represent widespread haplotypes, and coloured
segments are haplotypes limited to that region. Key to colours: pink, Veracruz; red, north Oaxaca; orange, north-east
Oaxaca; light blue, Los Tuxtlas; dark blue, south Oaxaca; purple, west Chiapas; dark green, north Chiapas; light green,
south Chiapas; yellow, Guatemala.
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Figure 4. Minimum spanning tree of haplotype relationships. Numbers refer to the plastid types (listed in Table 3).
Colours refer to collection sites, and are the same as in Figure 3 (see legend for Figure 3 for explanation). Hypothetical
(unsampled) haplotypes are represented by filled black circles.
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microsatellite markers and in seven other plastid
microsatellite loci used for genotyping in the marker
development phase (data not shown). Therefore, it
seems more likely that our results indeed represent
reduced plastid diversity in B. nelumbiifolia.
The most likely explanation for the absence of
plastid variation in B. nelumbiifolia is a recent population bottleneck or a selective sweep in a single
refugial population prior to range expansion. Allelic
diversity is reduced when a population experiences a
reduction in its effective population size, and the
allelic diversity after a population bottleneck is a
function of the population size when it is reduced to
its minimum and the rate of population growth (Nei,
Maruyama & Chakraborty, 1975; Cornuet & Luikart,
1996). The recent timing of range expansion after a
bottleneck in the Pleistocene could explain the lack of
any post-expansion accumulation of mutations in
B. nelumbiifolia. This is consistent with the preference of the species for moist habitats, which are likely
to have been geographically more restricted in dry
periods during the Pleistocene (Toledo, 1982). The
fixation of a single plastid haplotype in response to
recent bottleneck events has been found in other
plant species over similarly large geographical areas
(e.g. Mediterranean Pinus pinea L., Vendramin et al.,
2008; Australian Atherosperma moschatum Labill.,
Worth et al., 2011).
The absence of plastid variation in B. nelumbiifolia
contrasts with that in B. heracleifolia, where significant genetic diversity was found (average of 3.3
haplotypes per population; Table 3). This level of haplotype diversity is surprising, as a single haplotype
may be expected to be fixed by genetic drift in the
small populations typical of B. heracleifolia (Hoover,
1979; A. D. Twyford, pers. observ.). The most likely
explanation for the high genetic diversity found in
B. heracleifolia populations is that this droughtadapted species may have tolerated Pleistocene
drought conditions, and populations may have survived in situ and not have been confined to refugia.
Over a long period of time, there would have been the
opportunity to differentiate by drift and selection for
local adaptations with limited dispersal of the accumulated new mutations across the range of the
species. This is consistent with the wide diversity of
leaf morphologies seen in B. heracleifolia (Fig. 2A),
which may be the product of both drift and local
adaptation. Monographic work on the section by BurtUtley (1985) suggested that morphological variation
in B. heracleifolia is continuous and does not warrant
further division into subspecific taxa, but this question may now be readdressed considering the
population-level molecular evidence presented here
and evidence from future molecular phylogenetic
studies.

THE

RELATIVE ROLE OF HISTORICAL BARRIERS TO
GENE FLOW

We evaluated whether two geographical barriers that
are known to have reduced dispersal in other groups
influenced the spatial structuring of genetic diversity
in B. heracleifolia: differentiation across the Isthmus
of Tehuantepec and differentiation between putative
Pleistocene glacial refugia. Bryson et al. (2011) compiled a list of 30 phylogenetic and phylogeographical
studies of highland and lowland animal species that
had genealogical splits between populations within
species, or between sister species, that corresponded to
the Isthmus of Tehuantepec. Seventeen of these
species had exclusively old (Neogene) splits and eight
species had more recent (Pleistocene) splits. GutiérrezRodríguez et al. (2011) found that an east–west
intraspecific split at the Isthmus of Tehuantepec
explained more genetic variation (FCT = 0.737) than
putative Pleistocene glacial refugia (FCT = 0.556) for
the understorey plant Palicourea padifolia (Willd. ex
Roemer & Schultes) C.M.Taylor & Lorence (Rubiaceae). The Pleistocene divergence date (309 000 years
ago; confidence interval, 136 000–667 000 years ago)
between clades in their study suggests that the
Isthmus of Tehuantepec has presented a barrier to
plant dispersal in recent times, not just prePleistocene. However, we found little evidence for a
genetic break in B. heracleifolia corresponding to the
Isthmus, indicated by the low FCT value in the AMOVA
(FCT = 0.08915, P = 0.15, Table 4).
As an alternative scenario, we tested whether the
spatial arrangement of genetic diversity could be
accounted for by the glacial refugia proposed by
Toledo (1982). We found no strong support for past
refugia structuring genetic diversity in Begonia. Most
genetic variation was found within groups that represent refugia (FSC = 0.62362), rather than between
them (FCT = 0.29510). Moreover, much more diversity
was explained when the populations were divided at
a finer scale, or in the alternative groups supported
by the SAMOVAs, as discussed below. These results
give little support for the Pleistocene refugia proposed by Toledo (1982), but this may in part reflect
the difficulty in delimiting tropical refugia, especially using methods based on species diversity and
endemism. These results show that responses to
Pleistocene climatic fluctuations may depend on
species-specific adaptations, and therefore the pinpointing of refugia for complex tropical species assemblages will be difficult (Poelchau & Hamrick, 2012b).
Some progress in locating common geographical barriers to gene flow that may represent Neotropical
refugia has been made by comparing patterns of
haplotype diversity in widespread Central American
tropical tree species (Poelchau & Hamrick, 2012a),
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where barriers shared between species with different
ecologies were distinguished from haplotype patterns
idiosyncratic to individual species. Therefore, more
phylogeographical studies of species with different
life-history traits are required to understand where
potential refugia are likely to be located, although the
current data suggest that less clear-cut patterns may
be expected than those revealed for European and
North American refugia, where congruent geographical patterns of genetic diversity have shed convincing
light on their likely locations (Hewitt, 2000; Petit
et al., 2003).

DISPERSAL

LIMITATION IN

BEGONIA

EXPLAINS

CURRENT PATTERNS OF GENETIC STRUCTURE

The spatial structuring of plastid variation at a local
scale provides further support for the persistence of
B. heracleifolia populations in situ during dry
periods in the Pleistocene, rather than preferential
survival in the refugia suggested for moisture-loving
tropical plants by Toledo (1982). Of the 39 plastid
haplotypes found, 33 (85%) were private haplotypes
restricted to a single population (Table 3 and Fig. 3).
Although the frequency of plastid haplotypes is
strongly influenced by the different sample sizes for
each population, additional support for local population genetic structure comes from the high overall
GST value and the many significant pairwise FST
values. The result of the SAMOVAs also supports the
subdivision of genetic variation by local geographical
groups.
Significant spatial partitioning of genetic diversity
and high levels of genetic differentiation (mean value
of Jost’s D across loci, D = 0.422, G’ST = 0.829) in
B. heracleifolia are best explained by dispersal limitation between long-lived isolated populations. Begonia
spp. have tiny seeds that are not known to be dispersed
by any animal vectors and are poorly wind dispersed,
and therefore effective seed dispersal between populations is expected to be low. This is confirmed by clumps
of Begonia seedlings growing directly below adult
plants in the field (A. D. Twyford, pers. observ.). Hoover
(1979) also observed the clustering of individuals in
three Mexican Begonia spp. (including B. heracleifolia). Seed dispersal limitation may explain the isolation of populations for extended periods throughout
the Pleistocene, during which time genetic novelties
could have arisen that are not shared between populations. The pattern of local geographical structure
also shows that human-mediated dispersal, facilitated
by road building and translocation for horticultural
purposes, has not obscured the natural patterns of
geographical variation, as might be expected for a
species that tends to grow as a weed in humandisturbed environments.
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High levels of genetic differentiation between populations have been found in other population genetic
surveys of Begonia spp. using nuclear markers.
Matolweni et al. (2000) found strong spatial structuring of genetic diversity in a survey of allozymes in the
endemic South African B. dregei Otto & A.Dietr. and
B. homonyma Steud. Hughes & Hollingsworth (2008)
found a high F’ST value between forest patches of the
endemic B. sutherlandii Hook.f and a strong signal of
isolation by distance among populations. They linked
this micro-evolutionary pattern of local population
structure to the macro-evolutionary process of allopatric species divergence that may have given rise to
the large number of species present in the genus
(1500 species; Frodin, 2004). These population-level
surveys are supported by molecular phylogenetic
studies of South-East Asian Begonia spp. using
plastid DNA sequences, in which long-distance dispersal events appear to have been rare, with in situ
species radiations after dispersal into each of the
eastern Malesian islands (Thomas et al., 2011). To
allow comparisons of gene flow with these previous
studies, and to assess the joint role of interpopulation
pollen and seed dispersal, future studies should apply
nuclear markers to these widespread species. This
will also allow the responses of the two species to
Pleistocene refugia to be investigated in more detail.

PLASTID

MICROSATELLITES AS TOOLS TO STUDY
INTRASPECIFIC RELATIONSHIPS

The use of plastid markers remains a popular
approach for population genetic and phylogeographical studies of Neotropical plants (e.g. Cardoso et al.,
1998, Fontaine et al., 2004). This popularity may
partly be attributed to the limited availability of
variable nuclear markers; however, there are a
number of properties of the plastome that make it a
desirable source of data for population genetic and
phylogeographical analysis of widespread groups.
First, it is typically maternally inherited in
angiosperms (Corriveau & Coleman, 1988) and will
reflect only seed dispersal patterns, unlike biparentally inherited nuclear markers that are spread in
pollen and in seed (Ennos, 1994). Seeds typically
disperse less than pollen, which makes seed-specific
markers more likely to track geographical barriers.
Second, only seed dispersal (not pollen) can result in
establishment in a new habitat, so that plastid
markers can reveal species distribution changes,
without the blurring of ancestral patterns of gene flow
caused by subsequent pollen dispersal (Ennos et al.,
1999; Petit et al., 2003). Third, plastid markers have
a smaller effective population size than nuclear
markers (Wright et al., 2008), so that genetic drift is
more potent. Moreover, fewer alleles can be main-
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tained at mutation–drift equilibrium, so that fewer
individuals need to be genotyped to sample the range
of allelic diversity in a population. Finally, plastid
genotyping has been widely used in plant phylogeography, and there are typically many other studies in
which the distributions of plastid haplotypes have
been assessed over a similar geographical area, allowing for comparisons between taxa. Using NGS to
generate whole plastomes, and the identification of
hypervariable microsatellite markers from these
data, is a novel approach to the design of variable
plastid markers. This route was used successfully to
find variable markers for B. heracleifolia, even when
the plastid sequence divergence between populations
was anticipated to be low.
Despite the benefits of this approach, there are a
number of pitfalls associated with sole reliance on
hypervariable plastid markers for population genetic
and phylogeographical studies, as highlighted by the
results of this study. Population genetic studies typically assume that alleles shared between individuals
are the product of gene flow between the populations,
and that homoplasy, where the same allele is caused
by convergent mutations, violates this assumption.
Microsatellite markers are particularly prone to
homoplasy as the number of repeat units will not
always expand, but can also contract (Provan et al.,
2001). Moreover, mutations do not always occur in a
stepwise manner (Ceplitis, Su & Lascoux, 2005), and
rapid deletion of microsatellite motifs can occur [as
demonstrated by Micheneau et al. (2010) in Cephalanthera Rich. (Orchidaceae)]. This may explain the disjunct fragment length seen in this study at locus
Bnc11. The combined influence of the complex mutation model and homoplasy makes coalescent methods
for the estimation of divergence age estimates from
plastid microsatellite data challenging, as it is difficult
to correctly assign suitable priors. This is particularly
problematic for phylogeographical studies, as a knowledge of divergence ages can help to discriminate
between different hypotheses. Therefore, sequence
data should be used in preference to plastid microsatellites when divergence age estimates are required.

CONCLUSION
This study contributes to our growing knowledge of
the evolutionary processes occurring at the population level in the genus Begonia. The contrasting levels
of plastid diversity for the two species tested here
shows the importance of species-specific ecological
preferences in terms of their response to climate
change in relation to glacial refugia. Dry-adapted
tropical lineages, such as B. heracleifolia, may have
survived in situ during dry periods in the Pleistocene,
whereas moisture-loving species, such as B. nelumbii-

folia, may have been more vulnerable and persisted
only in refugia. Generalizations about refugia may
therefore only hold for species with similar ecological
preferences, rather than at broad taxonomic scales.
This study also shows that patterns of strong population genetic differentiation and dispersal limitation
may be common across the genus. Taxa with low
interpopulation gene flow, such as Begonia, may thus
be especially useful for tracking local geographical
variation, as homogenizing gene flow from neighbouring populations is limited. As more data are
assembled, Begonia is emerging as a powerful study
system for testing biogeographical questions.
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