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Chapter 1

General Introduction



Phylogenomics

Modern evolutionary theory hypothesizes that all organisms have descended from a
common ancestor, which means that all extant and extinct species are related.
Phylogenetic relationships can be inferred using morphological, physiological and
molecular characteristics. Molecular sequences such as DNA sequences play a key
role in recent day molecular phylogenetic analysis. The structure and function of the
DNA sequences and how they change over time are used to infer evolutionary
relationships. As new DNA sequencing methods became available since 2000, the
costs have been driven down (http://www.genome.gov/sequencingcosts/). As a
result, large amounts of sequence data can now be generated cheaply for researchers
to infer species relationships from. Rather than using one or a few genes to study
species evolutionary relationship in the conventional approach, one can now study
evolutionary relationships based on comparative analysis of genome-scale data
called phylogenomics (Eisen and Fraser 2003; Lemmon and Lemmon 2013).

Phylogenetic relationships can be reconstructed based on comparisons of DNA
sequences and genome organisation features. In addition, rare genomic changes such
as insertions and deletions in introns, retrotransposon integration, changes in gene
order in the organellar genome, gene duplications and genetic code changes of the
entire genome can be used as molecular markers for a wide range of taxonomical
levels (species, genus, family or higher) (Rokas and Holland 2000). Phylogenetic
trees reconstructed based on the conventional approach of using just one or a few
genes may show conflicts (Teichmann and Mitchison 1999) due to the fact that
individual genes may have gone through different evolutionary lineages. In addition,
lack of sufficient phylogenetic informative variation leads to the risk of stochastic
errors and poorly resolved phylogenetic trees. In contrast, phylogenomics should be
able to resolve difficult phylogenies and be able to verify or overturn proposed
relationships (Delsuc et al. 2005). Several empirical studies have shown the
robustness of phylogenomics to resolve difficult phylogenies. For example,
phylogenomic analysis using plastid sequences was able to produce strongly

supported phylogenies of Araceae as discussed in Henriquez et al. (2014). Likewise,



in the study of Ma et al. (2014) and Pyron et al. (2014) a series of phylogenomic
analyses was conducted to infer difficult phylogenies at low taxonomic levels in the

temperate woody bamboo and snakes respectively.

Chloroplast phylogenomics

Beside the nuclear genome, plant cells contain up to two more genomes: The
organellar genomes of the mitochondrion and the chloroplast (the plastome). Unlike
the mitochondrial genome, chloroplast genomes or plastid genomes as referred to by
some authors rarely show evidence of intra- or inter molecular recombination
(Dong et al. 2012) and are therefore highly conserved in terms of gene order and
content. These characteristics make the chloroplast genome an attractive tool for
phylogenetic studies. Phylogenetic studies in plants mostly employ chloroplast
genome sequences along with a few sequences on the nuclear genome, such as
internal transcribed spacer DNA (ITS). Chloroplast DNA has been shown to provide
a wealth of information on molecular variation for molecular phylogenetic studies.
Early molecular phylogenetic studies using chloroplast DNA sequences were based
on the comparison of restriction site polymorphism and gene order changes at a wide
range of taxonomic levels (Olmstead and Palmer 1994; Jansen et al. 1998).
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Figure 1: Numbers and taxonomic distribution of complete chloroplast genomes submitted to
GenBank up to June 2016

Publication of the first complete chloroplast genome, that of Nicotiana tabacum
(Shinozaki et al. 1986) was a defining moment in the study of chloroplast genome
evolution as this enabled detailed nucleotide-level genome-wide comparisons to be
made. Since then the number of complete chloroplast genomes sequenced for
angiosperms deposited in the NCBI Organelle Genome Resources database has
increased every year, reaching a total of 817 complete genomes in June
2016 (http://ncbi.nlm.nih.gov/genome/organelle/) (see also Figure 1). However,
given the total number of angiosperm species of about 300,000 (Cowan et al. 2006),
the fraction of published chloroplast genomes is concentrated on the eudicots and

monocot class which is too low to fully understand chloroplast evolution (Figure 1).



Several groups of scientists have been focusing their efforts to develop and sequence
complete chloroplast genomes to fill the most important gaps (Naito et al. 2013;
Nikiforova et al. 2013; Ruhfel et al. 2014; Carbonell-Caballero et al. 2015) and the
number of chloroplast genomes is expected to increase dramatically in the next few

years.

Brief overview of chloroplast structure and evolution

The genes encoded in the chloroplast genome are generally conserved in content and
in order among land plants. Genes can be categorised into functional groups (Kim
and Lee 2004; Yi and Kim 2012; Li et al. 2013; Huang et al. 2014; Zhang et al.
2014). The first category includes genes that are involved in photosynthesis such as
genes for photosystem | and Il. Genes from the second category are involved in
transcription, translation or self-replication such as transfer RNA, ribosomal RNA,
ribosomal subunit genes and RNA polymerase genes (Mullet 1988). The third
category comprises conserved open reading frames (ORFs) such as protein-coding
genes like maturaseK (matK), chloroplast envelope membrane protein (cemA) and
hypothetical chloroplast open reading frame (ycfs). The chloroplast genome of
angiosperms is circular and the reported size varies from 120 to 220 kilobases (kb)
(Wu et al. 2010; Wicke et al. 2011). The genome generally has a quadripartite
structure with two copies of an inverted repeat (IR) region separated by small (SSC)
and large single copy (LSC) regions (Saski et al. 2005; Yang et al. 2013; Yang et al.
2014). The IR size averages around 20-30 kb with some exceptions (such as
Pelargonium hortorum (~76 kb) (Palmer et al. 1987; Chumley et al. 2006). The IRs
are thought to act as stabilising regions and evolve ~2.3 times slower compared to
the single copy region (Perry and Wolfe 2002). While the positions of boundaries
between IR and single copy regions show some variability between species (this
thesis), sometimes including some genes in the IR in one species that are present in a
single copy region in another species, the IRs are exact reverse complemented
duplicates, and hence both IR"s in a single chloroplast have the same gene content.
The chloroplast genome is able to retain signatures of evolutionary history much

longer than its nuclear counterparts due to the low level of mutation, which appears



at least in part due to the presence of these IRs. Mutations in the IR have been
observed in species with chloroplasts lacking one copy of the IR, and here the
synonymous substitution rate in this IR region is comparable to that in the SC region

(e.g. Medicago truncatula, Ravi et al. 2008).

Chloroplast DNA sequences as molecular markers and their utility in
phylogenomics

Phylogeny is the reconstruction of an evolutionary relationship history by comparing
variation in homologous characters. Homologous characters are the characters that
descend from a common ancestor, and are thus shared between organisms. These
characters include morphological structures, ultra-structural characteristics of
biological cells, biochemical pathways, genes, and the order of amino acids or
nucleotides (Delsuc et al. 2005). The amount of difference between the homologous
sequences in different organisms is used as a measure of their evolutionary
relationship. However, homologous characters may evolve differently in terms of
their rates of evolution, mutational saturation and compositional biases due to their
own biological nature, thus not all character are suitable to be used as a phylogenetic
markers and each character should be treated separately in a phylogenetic
reconstruction (Gribaldo and Philippe 2002). The ideal marker should possess some
features, for example the substitution rate should be optimum to provide enough
informative sites, yet not be so high as to prevent comparison. A highly divergent
gene may reach a state of saturation due to multiple substitutions yet it must be
conserved enough to reflect the true ancestry (Galtier and Gouy 1995). Another
important feature is that the markers must be acquired only by inheritance, not by

transfer from another organism or horizontal gene transfer (HGT).

Chloroplast DNA sequences are a primary source of data in many plant phylogenetic
studies. This is because the chloroplast genome is relatively conserved in its
evolution making it an ideal molecule to retain phylogenetic signals. The chloroplast
genome is also largely, but not completely free from evolutionary processes such as

gene duplication, concerted evolution, pseudogene formation and genome



rearrangements whereas those are more common events in the nuclear genome
(Palmer 1985). The conservation of the chloroplast genome also allows the design of
primers targeting regions conserved well beyond species boundaries, and
amplifications of molecular markers. Despite the low evolutionary rate in
chloroplast genome compared to the nuclear and mitochondrial genomes, the small
size together with their high copy number in leaf cells (as shown in Figure 2) greatly

facilitates chloroplast genome sequencing.

Figure 2: Example of chloroplasts visible in living mesophyll cells, observed with a light microscope

(Norbert de Ruijter, Laboratory of Cell Biology)

Recently, sequencing technology breakthroughs have facilitated rapid sequencing of
the entire chloroplast genome, making it possible to use complete chloroplast
genomes for phylogenetics at genome scale (phylogenomics). This approach has
become a universal method of providing evolutionary information for species
identification (Wu et al. 2010; Nock et al. 2011), taxonomy and phylogenetic
analysis in plants (Jansen et al. 2007; Moore et al. 2007). When using large datasets,
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such as in a phylogenomic approach, the accumulation of phylogenetic signals
normally overwhelms sampling errors, resulting in an improved statistical support
(Blair et al. 2002; Wolf et al. 2004). However, a highly supported phylogeny tree
does not necessary imply that the obtained tree is correct because systematic errors
will also increase exponentially with the size of the data set (Philippe et al. 2005;
Jeffroy et al. 2006; Brinkmann and Philippe 2008). Systematic errors are the result
from violations of the model. In case of model violations, erroneous signal (noise)
will be generated and compete with the genuine phylogenetic signal. If the genuine
signal is weak or the noise level is high or non-random, the phylogenetic inference
can be misled (Delsuc et al. 2005). As described in Rodriguez-Ezpeleta et al. (2007),
there are several types of model violations such as across-site rate variation,
heterotachy, site-interdependent evolution, compositional heterogeneity and site-
heterogenous nucleotide/amino acid replacement. An example of the resultant
systematic error is long-branch attraction (LBA). LBA is the phenomenon where
two species that are more rapidly evolving than the rest of the taxa, were inferred to
be closely related in the estimated tree (Felsenstein 1978). Strong support of
artificial nodes occurs simply because of the accumulation of the systematic error
with the addition of more data. The opportunity to examine all chloroplast genome
features means that also any structural change in the genome can be detected and
this may be informative in resolving certain intractable phylogenetic issues (Jansen
et al. 2005; Philippe et al. 2005; Jansen et al. 2007). In a single gene phylogeny, the
detection of systematic errors can be simply done by observing any incongruence
between different genes. Unfortunately, this is not possible in a phylogenomic
approach where genes are combined into a single supermatrix. Therefore, several
approaches have been suggested to detect systematic errors including using different
tree reconstruction methods and data partitioning strategy. Methods that are robust
to violations of model assumptions are more preferable for tree reconstruction
method whereas data partitioning strategies rely on the biological knowledge of a
genes or sites [e.g., their relative substitution rates (Nishihara et al. 2007)] (Yang
and Rannala 2012).



Methods to generate complete chloroplast genomes and their strategies
Researchers have been searching for new ways to obtain complete chloroplast
genomes. As a result, many methods have been proposed to improve the accuracy
and reduce the efforts in sequencing entire chloroplast genomes. These methods
include the following:
i) Isolation of chloroplast DNA
Many methods were developed to isolate purified chloroplasts (Palmer, 1986).
Most of these methods involve three basic steps: separation of plastids from
other organelles and cell material, lysis of the chloroplast to yield intact
chloroplast DNA, and subsequent purification of chloroplast DNA. Three
methods to isolate intact chloroplasts are sucrose or Percoll gradients (Palmer,
1986), DNAse | treatment (Tewari and Kolodner 1979) and high salt buffers
(Bookjans et al. 1984). Of those methods, sucrose gradients have been widely
applied in land plants (Kim and Lee 2004; Samson et al. 2007). In general, all
methods require a large quantity of fresh leaves, which will be difficult to

achieve for herbarium samples or endangered species.

i) Cloning the chloroplast genome for sequencing

The chloroplast genome can be cloned into a bacterial artificial chromosome
(BAC) or a Fosmid vector. This method includes random shearing of the
purified chloroplast DNA followed by cloning of the resulting long fragments in
cloning vectors. These vectors allow easy production of large volumes of
chloroplast DNA, amenable to sequencing. Clones containing fragments of the
chloroplast genome can be either end-sequenced or shotgun sequenced using
Sanger or next generation (NGS) sequencing such as Illumina. Details on this
method were reviewed by Jansen et al. (2005). The approach is labour-
intensive, technically demanding and time consuming. Nevertheless, this
method is in some respects superior to direct high copy number plasmid cloning
of the chloroplast, as the insert size is much larger (40-150 kb), allowing
construction of a physical map spanning the IR region, allowing the orientation

of all 4 compartments to be resolved. The first complete chloroplast, that of



tobacco (Nicotiana tobacum), was produced essentially using this strategy
(Shinozaki et al. 1986).

iii) Designing long range PCR primers on conserved genes/regions in
the chloroplast genome, followed by sub-cloning PCR fragments in
a sequencing vector
This method involves PCR amplification of large fragments of the genome by
using conserved primers to create a library for sequencing. Long-range PCR
allows the amplification of much larger fragments of DNA than is possible with
traditional PCR. Suitable primers can be designed on conserved regions or
genes in the chloroplast genome. Amplified fragments ranging in size from 4 to
20 kb and covering the entire chloroplast genome can then be sequenced
(Goremykin et al. 2003). Although the method is simple it requires a reference
genome of a related species for designing the primers, which may not available
for some non-model species. The primer combinations also may not work if
there are changes in gene order such as for example in the Campanulaceae

family (Cosner et al. 2004) or substantial divergence at the priming sites.

iv) Hybridization-based enrichment

Enrichment strategies include the use of molecular inversion probes and various
DNA hybridization and sequence capture methods. Hybridization based
organelle enrichments have been reported in several studies (Briggs et al. 2009;
Cronn et al. 2012; Guschanski et al. 2013; Mariac et al. 2014). These methods
are technically challenging and carry a high initial cost for laboratory protocol

and reagents.

In conclusion, several methods have been developed to perform chloroplast isolation

and chloroplast genome sequencing, but these have not led to simple protocols. Next

generation sequencing, where whole genome shotgun sequences of chloroplasts are

obtained as a by-product of whole genome shotgun sequencing, has the potential to

make new steps in that direction.
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Inferences of phylogenomic trees

Phylogenomics uses phylogenetic principles to infer evolutionary relationships,
therefore it is necessary to assess only homologous sequences. In addition, one
should use reliable characters for the phylogenetic inference, as the accuracy of tree
reconstruction is strongly correlated with the reliability of the characters used.
Delsuc et al. (2005), in their review on phylogenomics and the reconstruction of the
tree of life, discussed two methods to assess which sequences are homologous:
sequence-based methods and methods that are based on whole genome features. Of
these two approaches the sequence-based method remains the method of choice
because its properties have been intensively explored, tested and validated. Figure 3
shows a simplified figure describing methods of choice to infer phylogenetic

relationships in a phylogenomic study.

Whole Genome
Shotgun (WGS)
sequencing

!

Homology
assessment
Sequence based * Whole genome
methods features methods

l Alignment l

* Methods based on gene order

* Methods based on gene content

* Methods based on DNA-string
comparison

= Supermatrix
= Supertree

Figure 3: Simplified scheme of methods of choice for phylogenomic inferences as suggested by
Philippe et al. (2005).

Sequence-based methods

In phylogenetic analysis using sequence-based methods, the construction of a

phylogenetic tree starts with a multiple sequence alignment (MSA). Generally, a
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MSA aims to arrange a set of orthologous genes from multiple organisms into an
array in order to produce a table highlighting which variant of these genes each
organism actually contains. Once constructed, the MSA is taken as input for the
algorithm, thus an accurate MSA is essential to produce a reliable phylogenetic tree
(Chan and Ragan 2013). For closely related species, each character entered in the
same column is assumed to be homologous, super-posable, and to play a common
functional role (Edgar and Batzoglou 2006). An MSA can be carried out manually
as well as automated. An automated MSA is a more favourable approach as the
increased throughput better matches the vastly increased throughput of next
generation sequencing methods, bringing improvements in sensitivity. Various MSA
methods such as ClustalW, MAFFT, MUSLE and T-COFFEE and methods with
other types of input data such as PFAM were reviewed in by Edgar and Batzoglou
(2006). Unfortunately assessment using alignment methods of which genes are
orthologues actually requires rigorous and time consuming scrutiny, and the
computational complexity and the — often implicit - choice and verification. of an
appropriate evolutionary model are often overlooked in an automated procedure for
the reconstruction of phylogenies. As a consequence, as more whole genome dataset
are being generated and become available for constructing a phylogeny with,
potentially, a much higher resolution, MSA will become insufficient in terms of

quality control and affordable computation time (Delsuc et al. 2005).

The resulting MSA, usually containing sequences of unequal lengths from different
sets of species, can be used to infer phylogenetic trees using either a supermatrix or
a supertree approach (Delsuc et al. 2005). In the supermatrix approach as illustrated
in Figure 3, MSA are first concatenated and then analysed as one set. In contrast, in
the supertree approach the datasets are analysed individually and the resulting
topologies are combined into a consensus (Delsuc et al. 2005). Up to now the
supermatrix approach has been the usual practice in phylogenomics because the
power of the approach is high and reliable. Furthermore, comparisons of the two
approaches indicated that, with the size of the datasets up to now, the topology of the

trees resulting from the two approaches was comparable as observed in Philippe et
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al. (2005). Whether that will still be the case if datasets become very large based on

next generation sequencing data, remains to be seen.

Alignment-free methods

Methods based on an atlas of specific features rather than an alignment of sequences
present in the whole genome form a potential alternative to sequence alignment-
based methods for analysing large amounts of sequence data in phylogenomic
studies. These methods are also known as alignment-free methods because they
completely avoid the MSA step. Generally there are two types of approaches for an
alignment-free method. The first approach recognizes the need for an assessment of
which characters are homologous, whereas the second approach completely avoids a
homology assessment step. In the first approach, phylogenetic inference is
constructed based on the comparison of gene order and gene content, but not gene
sequence. Gene content and gene order do not require a MSA step yet they still
depend on homology assessment. This type of method is capable of producing good
phylogenetic markers that are less prone to homoplasy than sequence
polymorphisms (Gribaldo and Philippe 2002). The methods are under continuous
development. As an example, constructing phylogenies based on gene order was
first introduced by Sankoff et al. (1992) using the complete genome of 16
mitochondria of fungi and other eukaryotes. Their method determined the
evolutionary distance by the number of inversions, transpositions, deletions or
insertions required to change gene order of one genome to another (Otu and Sayood
2003). Later, the method also has been used to test phylogenetic hyphotheses in
Proteobacteria (Kunisawa 2001), in Gram-positive bacteria (Kunisawa 2003), and
among various prokaryotic genomes (Wolf et al. 2001). Subsequently, more studies
were carried out to develop an improved algorithm using gene order to infer
phylogenetic relationships as described in (Lin and Moret 2010; Zhang et al. 2010;
Hu et al. 2011). Recently, the method was applied on a genome-wide basis as
reported by Lin et al. (2013) and Shifman et al. (2014). Latest work on the
development of gene order based phylogenies was discussed in House et al. (2015)

who developed a simple computational method to estimate a genome-wide gene
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order of 143 and 172 prokaryotic genomes. They successfully demonstrated the
robustness of gene order by uniting two phyla groups together. Nevertheless, such
methods may be less suitable for chloroplast genomes as gene order changes are

much rarer in chloroplast than in nuclear/mitocondrial genomes.

Word usage frequency

Approaches in which also homology assessments are completely avoided, would be
the most practical way to construct a phylogenetic inference using an alignment-free
method. One implementation visualizes DNA sequences or protein sequences as
strings of letters, and every word of an exact subsequence of defined length
extracted from those strings can be defined as a word of k length, commonly
referred to as a k-mer. To be used in phylogeny reconstruction, k-mers are extracted
and their counts and frequency distribution are then used to compute a pairwise
distance matrix. The relatedness between sequences is then calculated based on the
number of k-mers counted and the fraction that they share (Chan and Ragan 2013)
.This approach does not suffer from the limitation of aligning sequences when there
is too much sequence difference, or that alignments become arbitrary in case of gene
duplications, recombinations, rearrangements and other biological events. Yang &
Zhang (2008) claimed that the k-mer method would be capable of producing more
accurate phylogenetic trees compared to trees computed from MSA. Phylogeny
reconstruction using k-mers or derivative approaches is becoming increasingly
popular with the increasing availability of genome sequences as evidenced by
several studies that employ it (Edwards et al. 2002; Qi, Wang, et al. 2004; H&hl and
Ragan 2007; Sims et al. 2009). However, although this approach sounds promising,
the distances measured by word usage typically do not have a clear biological
meaning and the distances rarely show a linear increase with evolutionary time. Up
till now, several alignment-free methods have been proposed based on word
frequency approaches, such as composition vector (Qi et al. 2004), feature frequency
profile (Sims et al. 2009), chaos game representation (Joseph and Sasikumar 2006),
return time distribution (Kolekar et al. 2012) and no doubt other refinement methods

are on their way.

14



Research aims and thesis outline

Having the complete chloroplast genome could provide comprehensive data sets that
are superior for inferring relationships at intraspecific, interspecific and genus level.
Yet, the prospect of having complete chloroplast genomes for all angiosperms
especially in the non-model species is still far away given the current state of
chloroplast genome assembly methods as well as their data analyses. This thesis
explores methods to obtain the chloroplast genome sequence and analyse it based on

next generation sequencing data.

Chapter 2 describes the results of performing de novo assemblies of chloroplast
genomes of Solanum lycopersicum, Aegilops tauschii and Paphiopedilum heryanum
based on whole genome sequencing data. The chosen species were different in their
nuclear size genome ranging from ~1 Gbp to 35 Gbp. Most methods of assembly
rely on mapping against a reference genome, but this may leave out some of the
differences from the assembly, including structural changes (rearrangements). The
approach used here started with a statistical analysis of the k-mer frequency
distribution of shotgun sequencing data to identify potential reads from the
chloroplast genome in the mixture of paired-end reads from genomic DNA,
followed by de novo assembly and several subsequent refinement steps. The
importance of the interaction between the amount of data used and the k-mer size is

also highlighted.

In Chapter 3 the results of creating a flexible assembly quality comparison tool is
described. This tool combines and visualizes read mapping and alignment results in
a two-dimensional plot without breaking any sequence connectivity.
Correspondingly, the ability of this tool using the de novo assemblies of Solanum
lycopersicon (tomato) and Paphiopedium henryanum (orchid) chloroplasts obtained
from Whole Genome Shotgun (WGS) Illumina short read sequencing datasets in

combination with specifically made alternative assemblies was evaluated.

15



In Chapter 4, the chloroplast genomes from whole genome sequencing data of 83
accessions of tomato and its related species were extracted and analysed. The 83
accessions covered the Lycopersicon section within the genus Solanum including
wild accession, old cultivars and domesticated cultivars. The aim is to show the
versatility of the approach for resolving the phylogenies of these closely related

species of tomatoes.

Chapter 5 seeks to gain insight into the utility of complete chloroplast genomes to
resolve conflicts concerning the division of the orchid subgenus Paphiopedilum into
several sections. The study focused on two sections of the subgenus Paphiopedilum;
Coryopedilum and Perdalopetalum. It has been suggested that these two should be
combined as the section was shown to be paraphyletic to the monophylectic section
Perdalopetalum based on ITS data (Cox et al., 1997). This is in conflict with the
taxonomy of Cribb (1998) in his monograph based on their morphological
characters. The Coryopedilum section includes species that can be found in
Malaysia. Most of them are endemic to single islands. In contrast, species of section
Perdalopetalum are more widespread and distributed through mainland Southeast
Asia.

I conclude this thesis with a summary and discussion of the results in Chapter 6.

The chapter also discusses and proposes a new direction to efficiently use genome-

scale data to infer plant relationships at intraspecific, interspecific and genus level.
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Chapter 2

De novo assembly of complete chloroplast genomes from non-
model species based on a k-mer frequency-based selection of
chloroplast reads from total DNA sequences

Shairul Izan, Danny Esselink, Richard G.F. Visser, Marinus J.M. Smulders, Theo
Borm (submitted)
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Abstract

Whole Genome Shotgun (WGS) sequences of plant species often contain an
abundance of reads that are derived from the chloroplast genome. Up to now these
reads have generally been identified and assembled into chloroplast genomes based
on homology to chloroplasts from related species. This re-sequencing approach may
select against structural differences between the genomes. The risk of missing such
differences increases when reconstructing chloroplast genomes from non-model
species for which no close relative genome is available. The alternative approach is
to de novo assemble the chloroplast genome from total genomic DNA sequences.
Although the chloroplast genome has a simple structure and conserved gene content,
this is still a challenge. The Bruijn graph based assembly has been widely used to
analyse short read sequences from next generation Illumina sequencers. Underlying
the Bruijn graphs are tables consisting of counts of individual short sub-reads of
length K as found in the WGS dataset. These so-called k-mer frequency tables have
many other uses. In this study, we used k-mer frequency tables to identify and
extract the chloroplast reads from the WGS reads and assemble these using a highly
integrated and automated custom pipeline. This pipeline includes steps aimed at
optimizing assemblies and filling gaps that are left due to coverage variation in the
WGS dataset. We have successfully de novo assembled three complete chloroplast
genomes from plant species with a range of nuclear genome size to demonstrate the
universality of our approach; i.e. Solanum lycopersicum, Aegilops tauschii and
Paphiopedilum heryanum. We also highlight the need to optimize the choice of k
and the amount of data used. This new and cost-effective method for de novo short
read assembly may facilitate the study of complete chloroplast genomes with more

accurate analyses and inferences, especially in non-model plant genomes.
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Introduction

Chloroplast genomes are frequently used in systematics and phylogeography
because of the simplicity of the structure of its circular genome, its predominantly
clonal inheritance along the maternal line, as well its high copy number in the cell
(Palmer and Stein 1986; Moore et al. 2006; Ma et al. 2013). The chloroplast genome
is often perceived to have a low amount of sequence variation, and the use of the
genome has therefore been mostly confined to studies at the interspecific and
interfamilial levels (Jansen et al. 2007; Moore et al. 2007; Xi et al. 2012; Barrett et
al. 2013). Recently some studies involved in comparative analyses of complete
chloroplast sequences showed that the perception of low variation of chloroplasts
within species is wrong when looking at the genomic scale (Whittall et al. 2010;
Besnard et al. 2011; Kane et al. 2012). Kane et al. (2012) suggested that the whole
chloroplast genome could be used as a ultra-barcode for identifying plant varieties.
Furthermore, using one or few regions of the chloroplast genome is not the
appropriate approach to describe the level of variability of the chloroplast genome.
Therefore, using the complete chloroplast genome will undoubtedly be the best way

to exploit the information in this organelle genome.

Chloroplast DNA can traditionally be obtained by a chloroplast enrichment strategy
using a sucrose gradient (Moore et al. 2006) or high salt method (Bookjans et al.
1984). These strategies require large amounts of starting materials (~5 g tissue),
which may be challenging for endangered plant species or herbarium samples. Some
plant groups may have a high content of polysaccharides, polyphenols, and/or
terpenoids, which also poses a challenge to obtain high quality chloroplast DNA
(Vieira et al. 2014). Using PCR the complete chloroplast genome can be amplified
in the form of a series of long, overlapping PCR fragments. This approach requires
appropriate primer design as well as high quality DNA to ensure successful long
range amplifications. The primers for these reactions have been designed on

conserved gene sequences (Goremykin et al. 2003; Jansen et al. 2005), which work
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reasonably well across species. The implementation suffers from differences in gene

organization among plant species (Atherton et al. 2010).

Next generation whole genome shotgun (WGS) sequences of plant species often
contain 5% or more reads that are derived from the chloroplast (Bakker et al. 2016).
This offers an alternative way to obtain chloroplast genomes. These reads are
generally identified from the WGS reads and aligned into chloroplast genomes based
on homology to chloroplast genome from reference genome. Such an alignment-
based method has been a method of choice to do the sequence comparison during
recent years. A comprehensive review about this method was written by Vinga et al.
(2012). However, as structure and function in a genome may diverge over
evolutionary time, such alignment-based methods may become unreliable for taxa
for which no close relative exists with a high quality chloroplast genome. They may
also become computationally unaffordable when dealing with very large datasets of
sequences (Vinga et al. 2012 but see Bakker et al. 2016). Several alignment-free
methods have been proposed to tackle those limitations and one of them is an
approach based on k-mer frequency tables. The k-mer based approach may be the
most developed alignment-free method (Chan and Ragan 2013). A k-mer is an exact
substring of DNA sequence of defined length (k), whose frequency in a set of DNA
sequences can simply be counted (Marcais and Kingsford 2011). Applying statistics
on the sharing of k-mers between samples provides an estimate of genetic distance
(Bonham-Carter et al. 2013). K-mer frequency tables are also used to distinguish
sequencing errors from genuine sequences (Kelley et al. 2010) as sequencing errors
are presumed to be random in nature thereby generating unique or low-frequency k-
mers, while genuine sequences occur at a certain k-mer frequency, depending on the
frequency of sequences in the target genome and the depth of sequencing in the
WGS dataset. K-mer frequency tables have also been used to detect repeated
sequences in the genomes (Kurtz et al. 2008), employing the fact that k-mers derived
from a particular repeat of a certain copy number in the genome will have a similar

frequency.
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From the k-mer frequency tables, k-mer frequency distribution histograms can be
derived (Chikhi and Medvedev 2014) which show the volume of k-mers occurring at
each frequency in the dataset. If a particular, highly abundant (extrachromosomal)
sequence occurs at a certain frequency in the dataset, this leads to a (broad) peak in
this histogram. If another highly abundant sequence occurs at twice that frequency in
the dataset, then there will be another peak in the histogram — at twice the frequency.
Chloroplasts generally contain an Inverted Repeat (IR) region, and naturally k-mers
obtained from reads in this IR region will occur at twice the frequency of k-mers
obtained from Single Copy (SC) regions of the chloroplast, so we expect
chloroplast-derived k-mers to be contained in two peaks in the histogram — the
second at exactly twice the frequency of the first. In this study we have used k-mer
frequency histograms to identify the two peaks corresponding to chloroplast-derived
k-mers, and used their approximate frequencies to select the corresponding k-mers
from the underlying k-mer frequency table. These k-mers were subsequently used to
select reads containing them, which were then used in a first round of assembly.
After the first round of assembly, subsequent rounds of assembly and refinement

lead to an automated semi-finished assembly of a chloroplast genome.

This chapter demonstrates the feasibility of a procedure that employs a k-mer
frequency table and derived k-mer frequency histogram to extract the chloroplast
sequences from whole genome sequencing data without the use of a reference
genome prior to de novo assembly of shotgun sequences obtained with the Illumina
platform. We used WGS data obtained from three species notably a Solaneaceous
species, a grass species and an orchid species with a range of nuclear genome sizes
(950 Mb - 35 Gb) to demonstrate the universality of our approach. One of our cases
is a novel chloroplast genome for an orchid species from the genus Paphiopedilum,

which have a very large nuclear genome size (25-35 Gb).
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Materials and methods

Source of sequencing data sets

Whole genome paired-end sequences of Solanum lycopersicum and Aegilops
tauschii were downloaded from the sequence read archive of Genbank
(http://www.ncbi.nlm.nih.gov/sra). The WGS dataset for Paphiopedilum heryanum
was generated for this study (Table 1) using fresh leaves of Paphiopedilum
heryanum obtained from Hortus Botanicus in Leiden, the Netherlands. The DNA
isolation was carried out by combining a DNA extraction using the protocol as
described in Fulton et al. (Fulton et al. 1995) with a DNEasy Plant Mini Kit
(Qiagen), using the kit's DNA binding column to bind and clean-up DNA. A
barcoded sequencing library was constructed by BGI, China, who also performed
the 100 bp paired-end sequencing on an Illumina Hiseq2000 platform in a single
lane along with 10 other samples from a separate experiment. For simplicity, from
here onwards we will refer to the analysis of WGS datasets obtained from Solanum
lycopersicum, Aegilops tauschii and Paphiopedilum heryanum as case study 1, 2 and

3 respectively.

Table 1: Species used in the study and their SRA number

. Haploid genome
Species (n) . Group NCBI SRA number
size (bases)

1) Solanum lycopersicum (2n) 950 Mb Dicot SRR404081
2) Aegilops tauschii (2n) 4-5Gbh Monocot SRR124187
3) Paphiopedilum heryanum (2n) 25-35 Gb Monocot Own data
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Bioinformatic analyses

Overview of the approach

Our assembly approach comprises five stages as illustrated in Figure 1. As the
nuclear genome complement of different genomes results in differently shaped k-
mer frequency distribution histograms, and as chloroplast DNA concentrations in
WGS samples vary considerably, a visual inspection of k-mer frequency histograms
is required between stages 1 and 2, where the user decides which k-mer frequency
range to include in the analysis. While no human intervention is explicitly required
between the other stages (2-5) of the pipeline, many optional parameters can be
varied should the user require so, and the staging offers a convenient way for the
user to monitor progress and output (assemblies) after each stage of the pipeline.
Each stage is implemented as a separate PERL script, calling upon a large library of
secondary PERL scripts, compiled C programs and external software (e.g.
SOAPdenovo, BLAST) to perform its tasks. Access to the software pipeline can be

granted on request.

Data preparation

Prior to stage 1 the user has to prepare the dataset by putting all sequence reads in
fastq format files in a single directory. In order to allow the program to figure out
which files contain matching paired-end reads and which files contain single end

reads, the user has to adhere to a simple file naming convention.

Stage 1: Obtaining k-mer frequency tables and k-mer frequency histograms
from WGS datasets

The script implementing stage 1 produces alphabetically sorted k-mer tables with k-
mer size 31 by default. In these k-mer tables, k-mers and their exact reverse
complement are counted as a single ordinal k-mer. This ordinal k-mer is chosen
from the two options in such a way that the middle nucleotide is always either 'A' or
'C' — if it is not then the k-mer is reverse complemented before being counted. After

counting, a k-mer frequency histogram is produced from the tables. The k-mer
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frequency histograms are converted to histograms representative of the underlying
data volume by multiplying the number of different k-mers occurring at each
frequency by said frequency. We will refer to these histograms as k-mer volume
histograms. To aid visualisation, a series of binned histograms is produced with
frequency bin-sizes of 10, 25, 100 and 250.

Visual inspection of k-mer frequency histograms

As each plant cell contains multiple chloroplasts, unless special precautions are
taken during DNA sample preparation, molar concentration of chloroplast DNA in
the WGS sample will be higher than that of nuclear DNA. Moreover, because
chloroplasts most often contain an exactly duplicated Inverted Repeat (IR), the
chloroplast DNA derived k-mers will give rise to a pair of peaks in the k-mer
frequency histogram that can be easily distinguished from any other peaks because
of their fundamental relation: The second (IR) peak occurs at twice the frequency of
the first Single Copy (SC) region peak. The user then imports these k-mer frequency
histograms into his/her favourite graphing package, and on he basis of the location
of the peaks representing chloroplast sequence read derived k-mers decides where to

set k-mer frequency boundaries.

Stage 2: Obtaining chloroplast specific reads and initial assembly

The frequency boundaries set by the user are used in stage 2 to select, from the
original k-mer frequency table, those k-mers occurring in this frequency range.
These k-mers will, besides chloroplast derived k-mers, also contain k-mers derived
from nuclear repeat-regions that coincidentally occur at the same frequencies. This
k-mer table is then used to select, from the full WGS dataset, those reads that
contain them. These selected reads are then sub-sampled into a series of batches of
increasing size (by default starting at 100,000 read-pairs, with 100,000 read-pair
increments), and automatically assembled using SOAP-denovo (v1.05) (Luo et al.
2012). SOAPdenovo is a the Bruijn graph-based assembler that can use a range of
values for the k-mer size (K), and results have previously been found to be highly
dependent on the value of K (Chikhi and Medvedev 2014). Therefore we employed
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a range of different values for K (all odd values between 63 and 99). This yields a
multitude of separate assemblies which are then filtered (by default using BLAST
against the tobacco chloroplast genome) to remove any contig or scaffold that does
not seem to be chloroplast-related (putatively repeats from the nuclear genome), and
size-selected to remove any contig or scaffold smaller than twice the size of K (as
used in the assembly). The resulting filtered assemblies are subsequently subjected
to a sanity check where excessively short or excessively long assemblies are
discarded. This filter is by default based on previously observed length ranges for
SC and IR regions, and is user-configurable. The remaining assemblies are then
ranked according to: a) the number of scaffolds they consist of (fewer is better), b)
the number of gaps they contain (fewer is better) and c) the total length of the

assembly (longer is better). The best assembly is used in the next stage.

Stage 3: Iterative refinement of read selection and assembly

As discussed, the selection of k-mers in a set frequency range means that k-mers
derived from nuclear genomic repeats coincidentally occurring at these frequencies
are also selected. While enrichment of the dataset for chloroplast-derived reads is
certainly achieved, the repeat region-derived reads co-selected because of this k-mer
table contamination can be considered problematic. In the previous stage we tried to
alleviate this by using BLAST and a size filter, but this carries the risk that some
small fragments of genuine chloroplast sequence or highly deviant chloroplast
sequences are lost. Stage 3 iteratively uses the putatively pure chloroplast derived
assembly obtained in a previous iteration (or stage 2 for the first round) to select
reads and re-assemble. To this end, a k-mer table is obtained from the chosen
assembly, which is then used as described in the description of stage 2 to select
reads, which are then assembled and filtered as described previously. Assemblies are
ranked to produce a new best assembly until either no better assembly is produced or
until a set limit on the number of iterations is reached. In addition to the assembly
performed by SOAPdenovo, this stage employs its own assembly algorithm that
looks for remaining overlap between scaffolds and contigs produced by

SOAPdenovo, and where possible assembles these, taking into account the fact that

25



a circular genome with an inverted repeat is expected (two aspects that existing
assembly programs are unaware of). The final output of stage 3 is a new best
assembly that is used in the next stage, and which may consist of linear or circular
fragments. As the read-pair insert sizes attainable with current short read technology
do generally not span a complete IR region, the exact relative orientation of the
Short Single Copy (SSC) and Long Single Copy (LSC) regions cannot be
determined. The internal assembly algorithm can (in case a circular assembly can be
made) output either a set of three linear fragments (putatively representing LSC, IR
and SSC), two separate assemblies for both possible circular configurations OR just
one (randomly chosen) circular assembly. Stage 4 and 5 require the last option, and
it is left to the user to find the correct relative orientation of the LSC and SSC (to be

validated for instance using long range PCR).

Stage 4: Scaffold extension and spanning-read based re-scaffolding

The newly assembled genome resulting from stage 3 may or may not be circular,
and if not circular it may or may not consist of multiple unconnected scaffolds, each
of which may or may not contain gaps. The purpose of step 4 is to iteratively
connect linear scaffolds remaining from stage 3 by extending and connecting
scaffolds with additional sequence reads until scaffold ends overlap or by finding
read-pairs spanning gaps between scaffolds. Stage 4 is skipped if stage 3 delivered a
circular assembly. Briefly, all the raw reads are aligned back to the assembly using
BWA and those (paired-end or single) reads that extended outside the gaps are
picked. Each scaffold-end will produce a separate set of (paired-end) reads which
are then assembled to obtain new scaffolds. These new scaffolds are added to the
previous round best assembly and used as input to the internal sequence assembly
algorithm and subsequently filtered as described under stage 3, producing a new
assembly for use in the next iteration. Iterations are terminated if either a) the
resultant assembly is circular OR b) the quality of the assembly does not improve
(per the same criteria used to find the best assembly) OR c¢) until a set limit on the
number of iterations is reached. After the last iteration, if the resultant assembly is

not circular already, raw reads are mapped back (BWA) against the resultant
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scaffolds and any read connecting scaffold-ends is selected and counted in a
scaffold-end connectivity matrix. This scaffold-end connectivity matrix is combined
with the scaffold sequences and used by the internal sequence assembly algorithm to
produce a new assembly, placing N's in gaps that are bridged by gap-spanning reads.

Again, this may in some cases lead to construction of a circular assembly.

Stage 5: gap filling

After stage 4 gaps may remain in the sequence. These gaps are putatively caused by
systematic (sequence dependent) low coverage in such regions, which should be
considered an artefact of the Illumina sequencing technology used (Minoche et al.
2011). As we have used variable sized batches and various settings for K during the
assembly, sufficient reads covering these low coverage areas may still remain
unused in the dataset. Stage 5 attempts to fill the gaps by focussing only on reads
covering such gaps, again assembling (using SOAPdenovo) variable sized batches of
reads with a range of values for K. To this end, gap-context sequences (default 500
bp on either side of the gap) are extracted from the previous best assembly (either
the previous iteration or stage 4), and used to produce a k-mer table for positive
selection of reads. The regions of the previous stage best assembly scaffolds that are
outside the defined gap-context are used to produce a second k-mer table that, after
comparison with the positive selection k-mer table, is exported as a negative
selection k-mer table. Raw reads are filtered using the positive selection k-mer table,
retaining any read containing a k-mer from this set. Subsequently this subset is
filtered using the negative selection k-mer table, discarding any read containing a k-
mer from this set. The resulting set of reads is then assembled in variable sized
(default 1000 read (-pair)s, with 1000 read (-pair)s increment) batches with
SOAPdenovo using a range of values for K (odd values between 63 and 99). This
delivers a number of scaffolds, which are then re-scaffolded using the internal
assembly algorithm before being size filtered, discarding any scaffold shorter than K
base-pair. The remaining scaffolds are then, one by one, combined with each
separate gap context sequence using the internal sequence assembly algorithm, and

ranked (for each of the gaps separately) to find the best gap-closing assembly.
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Finally, the best gap-closing assemblies (if any) are used to replace the gap context
sequences in the original assembly, and the whole process repeats iteratively until
either a) all gaps are closed OR b) until assemblies do no longer improve OR c¢) a set

limit on the number of iterations is reached.
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Results

Determining chloroplast-derived k-mers based on the k-mer frequency
distribution

Figure 2 (a, b, c) shows k-mer volume histograms (binned per 25 frequencies) of the
raw reads of case study 1, 2 and 3. The two expected peaks for k-mers derived from
the chloroplast genome sequences are clearly visible as sharp peaks in case study 1
(at 12000x and 24000x coverage), they were flatter in case 3 (at 170x and 350x
coverage) (Figure 2 a, ¢), while in case 2 only one peak (at 1500x coverage) could
be discerned (Figure 2 b). To see the effect of k-mer based read selection for
chloroplast reads, we overlaid the k-mer volume histogram from the raw reads with
the k-mer volume histogram of the reads picked out using the selected k-mers in the
left part of Figure 2, In all datasets the volume of k-mers specific to erroneous
sequences and to the nuclear genome were significantly reduced while the volume of
kmers in both chloroplast peaks essentially remained the same. This indicates that

our selection enriches for chloroplast sequences.

Extracting chloroplast reads and de novo assembly

Each case study contained between 15 million and 198 million raw read pairs.
Following the k-mer based extraction of chloroplast reads from the raw reads of the
case study, significant read reductions were seen across the stages. Table 2 presents
the total number of read-pairs in a dataset as well as the number of read-pairs used in
stages two and three. Across three case studies a reduction by almost 40% of the

number of reads-pairs is seen in stage two.

To investigate the optimum assembly for each case study, de novo assembly with
different batches of subsampled read pairs and k-sizes were performed. Basically,
the pipeline gave a candidate best assembly at the end of stage 3 based on 1) the
lowest number of scaffolds, 2) the fewest gaps and 3) the longest assembly length
(within the allowed range). In case studies 1 and 2, inspection of the assembly

statistics of all assemblies produced in stage 2 revealed that the automatically chosen
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assembly with the fewest number of scaffolds was either too long or contained an
excessive number of gaps. Therefore, in these cases we manually selected an
alternative best assembly based on minimal number of scaffolds plus gaps, with the
longest length in the allowed range. In contrast, the automatically selected best
assembly was a reasonable choice in case study 3 and thus did not need manual
selection. In addition, we also investigated the efficacy of stage 4 and 5 for scaffold
expansion or re-scaffolding and the gap filling. Table 3 shows the statistics of the
best assembly after stage 4 and 5. From our observation, all case studies showed that
the stage 4 and 5 helped to merge scaffolds and fill the gaps. As example, in case
study 3, eight scaffolds were merged and two gaps resolved in stage 4 and 5

compared to the underlying SOAPdenovo assembly (12 scaffolds with 3 gaps).
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Table 2: Summary statistics before and after the fetching of the chloroplast reads

Case study Case study Case study
1 2 3
Genome size 950 MB 4-5GB 25-35GB
Total no of raw reads (pairs) 198 264 041 86 067 571 15 142 939
Total no of reads after stage 2 (pairs) 32701410 51717 173 6172 495
Total no of reads after stage 3 (pairs) 14 855294 1582 279 213 669

Table 3: Comparison of the SOAPdenovo assembly and de novo assembly derived after stage 4 and

5 from the proposed pipeline

No of No of Total assembly Total reference
Case study scaffold gap length length

Case study 1

SOAPdenovo 3 0 130 181*

Our approach 1 0 155 461 155 461 °
Case study 2

SOAPdenovo 9 4 114 806*

Our approach 2 2 135760 135685°
Case study 3

SOAPdenovo 12 3 122 051*

Our approach 4 1 156 087 174 417°¢

*Contained only one copy of IR

a :Solanum lycopersicum chloroplast, complete genome (NC 007898.3)

b: Aegilops tauschii cultivar AL8/78 chloroplast, complete genome (KJ 614412.1)
¢: Cypripedium japonicum chloroplast, complete genome (KJ 625630.1)
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Mummer analysis of reference and de novo genomes

To detect any large structural variants such as inversions, insertions or deletions in
the de novo assembled genomes, dot plot analyses were using MUMmer (Delcher et
al. 2003). Figure 3 displays the dotplots comparing all three de novo genomes as
well as three reference genomes in all 15 possible combinations Appropriate
reference chloroplast genomes were downloaded from Genebank, NCBI with
accession number NC_007898.3, KJ_614412.1 and KJ625630.1 respectively. As no
reference genome is available for case study 3, we used a complete chloroplast

genome from a related species.

From the dotplot analyses of only the reference genomes against each other (Fig. 3a,
b and c), we noted that the chloroplast of Aegilops tauschii (KJ_614412.1) has an
inversion in the LSC region of about 13 860 bp length. The structure of the other
two reference genomes was comparable without large structural variants. The
inversion in the Aegilops tauschii reference genome was also detected in our de novo
assembly of case study 2 (as shown in Fig. 3k). Moreover, we concluded the
inversion in Aegilops taushii chloroplast genome was a genuine event as it was also

supported by read mapping of the raw reads against the de novo assembled genome.

Interestingly, we also found two large structural changes in the de novo chloroplast
assembly of case study 3 (Fig. 3m). These structural variants in the Paphiopedilum
species chloroplast genome are reported here for the first time. The first structural
variation is an inversion in the LSC region. This inversion is absent in the reference
genome of a related orchid species (Cypripedium japonicum). Secondly, we
observed an IR expansion into the whole SSC region. Both these structural
variations are absent in the other genomes including the orchid species Cypripedium
japonicum. In addition, we conclude that all inversions are genuine events as they

are supported by the read mapping (not included in this thesis).
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Mapping and de novo assembly of sequence reads

The raw reads were aligned against the de novo assembled genomes to verify the
detected structural variation as well as to detect any miss-assemblies in the de novo
assembled genomes. The read alignments were performed using BWA with default
parameters. The mean coverage of the reads varied considerably among these three
case studies (17822x, 4396x and 497x coverage for case study 1, 2, and 3
respectively) illustrating that different DNA sequencing datasets contain different
numbers of chloroplast reads. Figure 4 shows comparison coverage plots of
genomes assembled using our pipeline and unaltered assembly from the
SOAPdenovo assembler. The assembly that SOAPdenovo produced only contained
one copy of IR. The read coverage (y-axis) was plotted against the genome position

and has been averaged using a window of 100 bp (x-axis).

In general, read coverage was sufficient to detect any miss-assemblies. Coverage
plot comparison between the genome assemblies in each case study also
demonstrated that our pipeline successfully assembled the scaffold across the low
coverage regions. In contrast, SOAPdenovo assembler left gaps in the scaffolds
(black boxes). This illustrated the power of the scaffold expansion, re-scaffolding
and gap filling implemented in our pipeline leading to better quality of chloroplast
genome assembly. Worth to mention, the zero coverage at the start and end of the
genome (circular) of scaffolds (linear) characterized by red arrow was due to the
pseudo-circularization — addition of a copy of the first N basepairs to the end of the
assembly. This was done to facilitate the read mapping of the overhanging reads that
used to connect two scaffolds. Beside the artefact because of pseudo-circularization,
we also found several positions (indicated by the yellow arrows in the assembly of
case study 2 and 3 in Fig. 4) with zero read coverage, representing gaps in the
genome assembly. This also suggests that the assembly will not improve anymore

with this particular dataset.
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Variant calling

Pairwise alignments for de novo assembled genome with their reference genome
were conducted to call for variants. The result of variant calling is represents in
Table 4. We do not present the pairwise alignment from case study 3 because we
encountered a large number of variants across the genome, including two large
structural variations. This large difference is due to the fact that the reference was
from a related species and clearly the two species were too far diverged. We
investigated the pairwise alignment from both other case studies and variants that
were called included insertions or deletions (INDELs) and mismatches (SNPs).
Remarkably, we only found only one mismatch in the alignment of case study 1 at
the position 127 404 bp, which was located in the IR region. On the other hand, we
successfully called 13 variants in the case study 2 consisting of 10 INDELs and
three mismatches. Looking at those locations, we found five length variants of a

homopolymer region.

Table 4: Variant calling for case study 1 and 2

Position in the

Case study Type Variants assembled genome
Case study 1 Mismatch G (ref) > T (ass) 127404
Case study 2 Insertion AGGTACCTAA 7653-7662

Insertion homopolymer T region 18272-18274
Insertion homopolymer A region 18614
Insertion homopolymer A region 34160
Insertion CT 43329-43330
Insertion homopolymer A region 56672-56673
Mismatch CTCTC (ref) > TCTCT (ass) 76298-76302
Deletion homopolymer A region 78860
Insertion TTTACTTTTATGTTTTATTTG 107322-107342
Insertion GCAATAATCTACTAAAAAAA 109678-109697
Mismatch G (ref) > N (ass) 109894
Mismatch T (ref) > N (ass) 109893
Mismatch T (ref) > N (ass) 109899
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Discussion

Chloroplast genomes from next generation sequencing datasets

A chloroplast genome sequence provides information for addressing various
biological questions, including phylogenetic analysis (Oxelman et al. 1997
Goremykin et al. 2003; Capella-Gutierrez et al. 2014). Furthermore, since the
chloroplast genome is inherited uniparentally and is not subject to recombination
during gametogenesis like the nuclear genome, it is an ideal locus for barcode
analyses (Austerlitz et al. 2009; Hollingsworth et al. 2009; Li et al. 2015). The
present study shows that it is possible to assemble high quality complete chloroplast
genomes from whole genome shotgun (WGS) sequencing datasets using a largely
automated pipeline. As next generation sequencing technology advances, more
WGS data will become available to the researcher. Those data could be exploited
using the approach outlined here in order to provide an easy and cost-effective way
to construct complete chloroplast genomes. In this way it will be possible to reliably
mine these resources for information on the chloroplast genome. We also hope that
our approach can help to increase the number of available chloroplast genomes. This
will open up the possibility to do comparative analyses. In spite of the small size of
the chloroplast genome, many fundamental characteristics such as functional
sequences outside the coding sequences (promoter, terminator, replication origin),
detection of selective signatures in gene sequences as well as mutational rates and
their mechanism (Raubeson et al. 2007) are poorly described. Those hypotheses can

be critically addressed by comparative studies.

K-mer frequency distribution, sequencing error, coverage bias and genome size
The distribution of k-mer frequencies in a whole genome DNA sequence dataset
includes information on the underlying genomes as well as on characteristics of the
sequencing run. Unlike other protocols to assemble chloroplast genomes, which
either require a protocol to either physically (e.g. specific isolation of chloroplast
DNA) or in-silico (alignment of WGS reads to a chloroplast reference) enrich the

dataset for target sequences, our method fetches chloroplast sequences from WGS
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sequencing reads without prior knowledge about the sequence and without
additional effort during DNA isolation, and use those in a de novo assembly. This
takes advantage of the known (LSC-IR-SSC-IR) chloroplast structure and the
resulting, predicted, structure in the k-mer frequency distribution: as there is a large
inverted repeat in the chloroplast, a bimodal k-mer frequency distribution is
expected, with one peak (representing the inverted repeat) occurring at exactly twice
the frequency of the other peak. This allows identification of these peaks in a k-mer
frequency distribution. However, as there are other (e.g. genomic) sequences present
in the dataset, there may be a significant background present of k-mers derived from
these other sequences at similar frequencies as the choloroplast derived k-mers, and
the amount of background is clearly influenced by the nuclear genome size, as can
be observed in our three case-studies. Several studies investigating the link between
k-mer frequency distribution and sequencing errors have been carried out (Liu et al.;
Kurtz et al. 2008; Kelley et al. 2010). Random sequencing errors will generate a
high peak with low coverage, and as the rate of sequencing errors increases, this
“error-peak” on the left side of the frequency plot will increase in size, while other
peaks will become smaller and also decrease in frequency, thus move to the left. Of
course, if there are highly repetitive regions in the genome, with correspondingly
higher k-mer frequencies, errors in the sequences generated from these repetitive
regions will also occur at a larger rate, consequently giving rise to a widening of the
error-peak. For large, complex genomes it is expensive to generate sufficient
coverage of the nuclear genome to be able to easily separate the peak corresponding
with genomic DNA (“nuclear genome peak”) in the k-mer frequency histogram
from the error-peak, and as a consequence, the “nuclear genome peak” may overlap
the “error peak” and become an inseparable, very wide combined peak, even
overlapping the “chloroplast peaks”, as can be seen in case study 3, and to a bit
lesser degree in case study 2. On the other hand, for case study 1 the “nuclear

t2)

genome-peak” is well-separated from both the “error peak” and the “chloroplast
peak”. Case study 1 is an excellent example of the desired separation of the
sequencing error, while the datasets of case studies 2 and 3 might benefit from more

sequencing data — better separation between the desired “chloroplast peaks” and the
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undesired “error peak” and “nuclear genome peak” would improve the selectivity of
the k-mer frequency based filtering of reads. As was intended, we noticed in all
cases that the coverage of k-mers specific to error and nuclear genome were reduced
significantly after the k-mer selection while the coverage of peaks belong to
chloroplast sequences remained the same or slightly reduced as seen in case study 3.
Wherever frequencies of k-mers obtained from the nuclear genome overlap the
“chloroplast peaks”, reads derived from the corresponding, evidently repetitive
regions, from the nuclear genome will also be selected and included in the assembly
process. The effect that this might have on the chloroplast assembly depends on
several factors. First of all it depends on the lengths of the repeating units — if these
are small (e.g. <500bp), the resulting assemblies will be also be small, and may be
removed on the basis of their size alone. If the repeating units are large (e.g. > 10K)
and high frequency, then this would be a novelty and mean that a large proportion of
the nuclear genome would be contained in such repeats. Such long repeats are also
very easy to remove as long as they don’t bear any resemblance to known
chloroplast genomes. Insertions of parts of a chloroplast genome into the nuclear
genome might be an interesting problem if these insertions would happen be large
and would happen within repetitive regions — in such cases chimeric scaffolds may
be expected. Outside the repetitive regions the non-repetitive nuclear genome will
give rise to relative low frequency k-mers, which would therefore not be selected,
and which would therefore not lead to inclusion of larger regions of nuclear genome
derived reads into the assembly process. While this may, depending on overall
sequence coverage, lead to some confusion in the assembler, this should not lead to
many problems in the downstream analysis. Incidental insertion of parts of a
chloroplast genome into the nuclear genome should also not lead to detection of
SNP’s in the chloroplast — the SNPs will give rise to k-mers occurring at frequencies
corresponding to the nuclear genome, and the underlying reads will either not be
selected on the basis of their k-mer frequencies or, if they happen to be selected, add
little coverage in the assembly process, and be consequently treated as sequencing

errors and be removed.
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The relative positions in the k-mer frequency histograms of the peaks corresponding
to the nuclear genome and the chloroplast, in combination with their respective
genome sizes can give us some insights into the number of chloroplast genomes per
cell. From the perspective of chloroplast genome assembly, a fixed ratio between the
number of nuclear genomes (1) and chloroplast genomes is a worst case scenario: In
WGS datasets of larger genomes the percentage of chloroplast derived reads would
then be lower, necessitating disproportionally more sequencing in larger genomes to
obtain a usable coverage of the chloroplast genome. In some cases it may even be
appropriate to combine our method with a chloroplast DNA enrichment strategy.Our
data seem to indicate that the percentage chloroplast reads in a WGS dataset is not
constant, but decreases when the nuclear genome size increases. This could be
expected if the number of chloroplasts per cell is more or less constant, or regulated
between tissues in the same way regardless of nuclear genome size, but it was not
what Bakker et al. (2016) observed. This may be related to the fact that they only
tested a limited range of genome sizes. On the other hand, the anecdotic case studies

that we present here may be the ones deviating from the general trend.
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K-mer size and assemblies

The SOAPdenovo assembler is based on a de Bruijn-based graph, which breaks the
reads into k-mers of defined size before assembling them into contigs (Pevzner et al.
2001). After initial k-mer based graph construction, several steps refer back to the
original underlying data to resolve some of the issues caused by the short length of
K — most notably resolution of knots caused by repeat units smaller than the length
of the reads yet larger than K. The robustness of the SOAPdenovo assembler relies
on several competing effects that are difficult to quantify. One important parameter
is the k-mer size K. For instance, K smaller than some repeat sequences may cause
tangling up in the de Bruijn graph, which, if very complex and unresolvable with the
raw-read-data, may lead to contigs being broken up. Thus, we need large K.
However, larger K will reduce the number of k-mers that can be extracted from a
given sequence read — and as a consequence lead to fewer k-mers being extracted
from a dataset overall and hence lowering of k-mer frequencies. Lower k-mer
frequencies may make it difficult to distinguish good sequence from sequencing
errors, and may eventually lead to problems in de Bruijn graph construction. Also,
assuming random distribution of sequencing errors, the probability of a longer k-mer
containing a sequencing error is larger, which will lead to more k-mers being
included in the error-peak. Another effect is that if two contigs overlap by less than
k-1 characters, this will create a coverage gap resulting in the break-up of a contig
(Chikhi and Medvedev 2014). Another factor influencing the assembly process is
the amount of data being used. More data does not necessarily improve assembly
quality. Especially for extreme coverage data, and for non-random sequencing
errors, assembly of larger datasets may give rise to alternative assemblies, one with
the “proper” sequence, and one containing a “SNP”. Having alternatives for regions
is not easily representable in FASTA format assembly output, and in SOAPdenovo
it generally leads to fragmentation. In the algorithm of the pipeline presented here
we employed a range of different values for K in order to minimize the trade-off
effects. We also employed a range of dataset sizes by including different numbers
(“batches™) of reads in the assembly process. This yields a multitude of separate

assemblies, which are then filtered out using some filters. The remaining assemblies
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are then ranked accordingly and putatively best assembly was selected
automatically. As seen in case study 1 and 2 the automatic selection of a best
assembly based on maximum assembly length and minimal (number of scaffolds
plus gaps) may be more appropriate than maximum assembly length and minimal
number of scaffolds alone. In contrast, in case study 3 the automatic selection of a
best assembly based on maximum assembly length and minimal (number of
scaffolds and gaps) was sufficient. This indicates that intelligent inspection of

intermediary results for every stage in the pipeline is useful.

Assemblies and sequencing bias

Compared to other studies that use reference sequences to extract chloroplast reads,
the approach proposed here extracts the reads derived from the chloroplast solely
based on the fact that they occur at the certain frequency in the k-mer frequency
distribution of WGS data. By utilizing such an approach, we obtained reasonably
high coverage of chloroplast genome across the case studies. Nevertheless, there are
several gaps in de novo assembled genome compared to the reference genome in
case study 2 and 3. Those gaps in the assembled genome may be caused by
sequencing bias in the sequencing library. For instance, bias in the pre-sequencing
amplification step could result in poor or no sequencing coverage in certain regions
of the genome. Generally, a GC content sequencing bias has been observed. In
accordance with our results, several studies (e.g., Dohm et al. 2008; Li et al. 2010;
Minoche et al. 2011) claim that even though there is sufficient average depth of
sequence coverage within sequencing datasets, sequencing bias leads to region of no
sequence coverage within sequencing datasets, resulting in multiple gaps in the
assemblies, and hence a larger number of contigs and scaffolds even in small sized

genomes such as bacteria and the chloroplast genome.

INDEL detection and homopolymers length polymorphism
The selected reads were assembled de novo instead of taking an alignment or
reference guided de novo assembly approach. This approach offers additional

possibilities for detecting structural differences that may be missed in other
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approaches. Moreover, the approach uses the read coverage information which
provides a reliable detection of sequence variation. We detected several structural
differences in two out of three case studies. Even considering the general
conservation of chloroplast genome, several structural differences were reported for
nine grass species (Golenberg et al. 1993), Korean ginseng (Kim and Lee 2004) and
Pinus (Parks et al. 2009). Hence, it may be inappropriate to assemble the chloroplast
genome for non-model species by alignment to a reference sequence of a related
species because it may miss important structural differences but also because reads
from repeated or homologous regions can generally not be distinguished in a
mapping based approach — which may lead to identification of false SNP’s in such
regions. Another issue to be aware of is that half of variants detected in case study 2
were homopolymer length polymorphisms. This may due to the fact that the
reference genome of Aegilops tauschii (KJ_614412.1) was sequenced using the
SOLID platform while WGS dataset of case study 2 was sequenced using Illumina.
It is known that Illumina sequencing is less affected by homopolymer length
variation (Harismendy et al. 2009). It is also a known issue that SOLiID shows low
coverage of AT-rich regions, while Illumina sequencing has been observed to have
more problems with GC-rich regions (Morozova and Marra 2008; Harismendy et al.
2009).

Conclusion

The chloroplast genome certainly is a great resource of molecular markers in many
studies including parentage analysis, hybridization, population and genetic structure
and phyleogeography. The pipeline described here provides a tool to extract
chloroplast sequences from Whole Genome Shotgun (WGS) sequences of plant
species. Our newly developed pipeline was able to efficiently assemble the
chloroplast genome across a range of nuclear genome sizes, and using it we
discovered several structural rearrangements compared to published reference
chloroplast genomes. This cost-effective approach will be particularly useful for

exploring in the increasing number of WGS sequences from non-model species. In
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principle, our pipeline in combination with high throughput short read sequencing
can greatly expand the scope of comparative genomics of the chloroplast genome in

plants.
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Chapter 3

Visual comparison of the quality of chloroplast assemblies

Shairul 1zan, Peirong Li, Theo Borm, Richard G.F. Visser, Marinus J.M. Smulders
(to be submitted)
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Abstract

So far, no single sequence assembly algorithm and no parameter setting has emerged
as a gold standard that reliably produces perfect assemblies, and hence there is a
need for objectively measuring the quality of an assembly. Often this quality is
measured in derivative terms such as the number and length of contigs and scaffolds
that a program produces. Because parameter-tweaking may be used to optimize
assemblies, which may favour erroneous albeit longer assemblies, this may not
always give appropriate results. Also, sometimes much more detailed information on
the exact differences between assemblies is desirable, and while programs that
highlight specific problems in individual assemblies exist, these results tend to be
difficult to compare. To address these issues, we have created a flexible assembly
quality comparison tool. This tool combines and visualizes read mapping and
alignment results in a two-dimensional plot without breaking any sequence
connectivity. We have evaluated the ability of this tool using the de novo assemblies
of Solanum lycopersicon (tomato) and Paphiopedium henryanum (orchid)
chloroplasts obtained from Whole Genome Shotgun (WGS) Illumina short read
sequencing datasets in combination with specifically made alternative assemblies.
The results show that not only we can immediately select the best of two options for

a purpose, but also determine the location of specific artifacts.
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Introduction

Even though sequencing costs and costs of computational power have significantly
dropped, making high quality sequence assemblies is still a challenge. While de
novo sequence assembly programs like SOAPdenovo (Luo et al. 2012) or VELVET
(Zerbino and Birney 2008) follow well-established and often very similar
procedures to create assemblies from Whole Genome Shotgun (WGS) data, results
can vary considerably, not only because of different parameter settings and general
sensitivity to parameter settings, but also because underlying assumptions may differ
somewhat. Often the quality of assemblies is primarily measured in terms of the
number and length of contigs and scaffolds that a program produces, and parameter-
tweaking may be used to optimize assemblies, which may favor erroneous albeit
longer assemblies. Some tools have been published that attempt to capture and
visualize assembly quality using different parameters (Kelley et al. 2010; Barthelson
etal. 2011; Earl et al. 2011; Salzberg et al. 2012; Bradnam et al. 2013)

For large genomes, due to human constraints, the level of detail in the quality
assessment must be extremely limited, whereas for smaller (e.g. bacterial or
organellar) genomes, where manual finishing is still an option, a higher level of
detail may be appropriate. The most detailed level is that showing the individual
reads in the assembly. For genomes larger than a few kilobases, any visualisation
showing individual reads quickly becomes unwieldy, and one will want to us a
visualisation showing aggregate data such as sequence coverage along the assembly
rather than individual reads. Sequence coverage along the assembly alone may not
be enough as some artifacts in assemblies may have only limited impact on
coverage, and some available software is able to show a variety of types of data [e.g.
Tablet (Milne et al. 2013)].

Because it is quite common to optimize assemblies by tweaking parameters and
making multiple assemblies from the same dataset, it would be useful to be able to

directly compare these assemblies. This presents a problem, because in order to

49



yield comparable graphs of the desired aggregate data along the assemblies, the
assemblies must be co-linear. Making assemblies co-linear may present a challenge
if repeats and/or structural variation are present. In such cases it may be necessary to
break scaffolds to restore co-linearity. The chloroplast genome is circular and
generally has a quadripartite structure consisting of a Long Single Copy region
(LSC), an Inverted Repeat region (IR), a Short Single Copy (SSC) region and
another copy of the IR, so co-linearity issues are to be expected. To address these
issues, we have created a flexible assembly quality comparison tool, employing
mummer to visualize which segments in two separate assemblies are homologous,
while reads mapped back to the sequence are used to extract several types of
aggregate data that may be diagnostic for assembly problems. This tool combines
and visualizes read mapping and alignment results in a two-dimensional plot without

breaking any sequence connectivity.
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Materials and methods

Our goal is to demonstrate a visualisation tool allowing direct comparison of pairs of
assemblies on the basis of read mapping data. To make these comparisons, we used
the de novo assemblies of Solanum lycopersicon (tomato) and Paphiopedilum
henryanum (orchid) chloroplasts previously (Chapter 2) obtained from Whole
Genome Shotgun (WGS) lllumina short read sequencing datasets in combination
with specifically made alternative assemblies. These alternative assemblies were
obtained using an iterated reference backed read-mapping procedure consisting of:
a) mapping back all paired-end reads in a WGS dataset to an appropriate chloroplast
reference genome using the sampe module of BWA (Li and Durbin 2009) (with
default parameters). b) Calling variants using the mpileup and call modules of
SAMTOOLS (Li et al. 2009) and VCFTOOLS (Danecek et al. 2011) respectively
(both with default parameters). c¢) Incorporating the variants thus found into the
reference sequence using the consensus module of BCFTOOLS (Danecek et al.
2011), generating a derived chloroplast reference. d) Iterating steps a), b) and c),

replacing the reference with the derived reference until convergence is reached.

The reference chloroplast sequences used in this experiment as a starting point for
iterations were Cypripedium japonicum (NC_027227.1) (Kim et al. 2014) for
Paphiopedilum  henryanum, and  Nicotiana tabacum  (NC_001879.2)
(Kunnimalaiyaan and Nielsen 1997) for tomato. For validation purposes, the
previously obtained de novo assemblies were themselves also used as reference
sequences in this iterated procedure. For Paphiopedilum henryanum, the de novo
assembly consisted of four disconnected linear segments, and prior to analysis, these
segments were ordered and oriented as far as possible (without breaking up any
existing scaffolds) according to the order and orientation of the homologous
sequences in the Cypripedium japonicum reference, and concatenated into a single
scaffold with spacers consisting of 100 N's. The tomato de novo assembly consisted

of a single circular scaffold already, and was left as it was.
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Pairwise assembly alignments were made between de novo and iterated read
mapping assemblies using mummer (Delcher et al. 2003) (specifically nucmer) and
the “.coords” output file this produces was combined with the read-mapping data of
the underlying WGS reads against both assemblies and visualized using the custom
perl script described here. This script makes a highly configurable combined
graphical plot that contains the mummer alignment and a combination of other
tracks, including, but not limited to the read mapping density of normal and
discordant mapping reads, the insert size average and the number of clipped
nucleotides found in partially mapped reads. Specific (local) regions of assemblies
and read mapping data were inspected using IGV (Robinson et al. 2011).
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Results

For validation and to check if the de novo assemblies could be improved upon, the
de novo assemblies were also used as reference in our iterated read mapping
assembly procedure. No differences whatsoever were observed between input and
the derived assemblies for tomato. For Paphiopedilum henryanum, simple
convergence was never reached. Rather, after 3 iterations, derived sequences
cyclically repeated through a total of 6 different variants. Five separate sites were
found to participate in cyclical convergence; four sites alternating between two and
one site alternating between three options, resulting in a combined 6-state cycle.
Close inspection (data not shown) revealed that two sites were located in low
diversity, low coverage AT-rich regions surrounding gaps in the de novo assembly.
One site was found to be located in a nearly exact (albeit unresolved) repeat. The
remaining two unstable sites, both with adequate coverage suggest that the sample
was heterogeneous. Close inspection of the regions surrounding the five gaps
remaining in the de novo assembly reveals that these are mostly reduced complexity,
AT rich regions with GC fraction in the 100 bp directly adjacent (on either side)
found to be 7%, 4%, 0%, 22%, 3%, 2%, 35%, 34%, 34% and 42% respectively.
Overall GC fraction was 36.1%. While some sequences could be retrieved from the
read mapping extending into the 100 N's spacers placed there during concatenation
of scaffolds, these were low complexity AT-rich sequences, and none of the

remaining gaps could be resolved.

The iterated read mapping assembly against an alien chloroplast reference
converged to an alternation of two sequences after 7 (tomato WGS data with a
tobacco reference) and 21 (Paphiopedilum henryanum WGS data with a
Cypripedium japonicum reference) iterations, and 2 and 105 nucleotide differences
were observed between the resultant variants. Close inspection (not shown) in
tomato suggests that the variant sites (SNPs) are an artifact caused by truncated
mapping of reads at sites where larger structural variation between tomato and

tobacco exists. In Paphiopedilum henryanum many of the variant sites were found to
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be located either near low complexity, AT rich regions or near regions without

sequence coverage.

Figure 1 and Figure 2 show the example visual assembly comparisons made using
the perl script presented here. In Figure 1, some standard graph elements are
annotated; lower case characters in both figures are used to show particular
highlights described later in text. In these figures, tracks associated with one
assembly are plotted along the x-axis while the tracks associated with the other
assembly are plotted along the y-axis, with a mummer-plot linking the two
assemblies shown between these tracks. Figure 1 and Figure 2 show comparisons
between the de novo (X-axis) and the iterated read mapping (y-axis) assemblies of
tomato and Paphiopedilum henryanum respectively. In the mummer-plot a yellow
background denotes areas with paired-end coverage of less than 10% of the average,
while green and red line segments represent homologous sequence fragments found
in either the same or opposite orientation in both assemblies respectively. On the
basis of segment length, duplication and relative position, Long Single Copy (LSC),
Short Single copy (SSC) and (IR) Inverted Repeat sections can be annotated in both
the mummer plot and along the axes (as was done in Figure 1). The tracks shown in
each figure are:

I Average fragment length (blue) of the paired-end data. These fragment
length are averaged over all read-pairs centred on 200 bp bins, and where
no average could be calculated, none is shown. The fragment lengths are
based on the mapping positions of the reads, and (where appropriate)
include clipped bases.

Il. Relative number of non-mapped basepairs in reads with clipped mapping
per 200 bp bin (cyan).

1. Coverage plot showing coverage by paired-end sequenced DNA fragments
(green). Coverage in this track includes any un-sequenced nucleotides
located between the paired sequences, so that gaps where no sequenced
nucleotides are available (N's) will still be covered, indicating proof of

connectivity between separate sequence contigs.
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(AVA Nucleotide coverage by discordant read-pairs (magenta). This graph only
includes read-pairs mapping on the same scaffold but in unexpected
orientations, so with both reads in a pair mapping in the same direction or
with a negative insert size between them, but excludes read-pairs mapping
in the correct orientation but with an unexpectedly large insert size.

V.  Nucleotide coverage by “linking” read-pairs (red). Linking read-pairs either
link different scaffolds together or link different areas within a scaffold
together. The latter category only includes read-pairs mapped in the correct
relative orientation on the scaffolds with an aberrant insert size as otherwise
they would either be considered normal read pairs (with a normal insert
size) or discordant reads (with aberrant orientation).

VI. The number shown next to each track is the scale of each division (thin

grey lines) of that track.

Most of the elements in Figure 1 (tomato) are notable for their presence along a
single axis: the iterated read mapping assembly. This indicates that these elements
are mostly defects present in this assembly and absent from the de novo assembly.
We observe a short low coverage region (a) coinciding with an excess (f) of
“linking” reads indicating an insertion in this assembly not supported by the WGS
data, with no DNA fragments bridging this gap. Peaks (b) indicating short regions
with longer than average insert size, with two peaks coinciding with peaks in the
“linking” read pairs graph (g), without evidence of complete lack of coverage
suggesting insertions of relatively small extraneous sequences. Many scattered peaks
(c) in the track showing the number of nucleotides clipped during mapping
putatively indicating many small deviations. Peaks (d) in the discordant coverage
track near the SSC/IR/LSC junctions, suggesting that these thee junctions are not
precisely conserved between tomato and tobacco. Peaks (e) in the linking reads
track, suggesting structural differences between tomato and tobacco. A single peak
(h) in the discordant reads track for the de novo assembly and peaks (i) near the end
of the assembly may represent an artifact caused by the circular nature of the

chloroplast genome and the presence of the inverted repeats. Erratic coverage (j)
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may be due to coverage lost in discordant mapping and clipping. Subtle differences
(k1 and k2) between tracks at the sites of the inverted repeats are putatively caused
by random fluctuations in read assignments to these regions and the exact
boundaries of the 200bp wide sequence bins employed in visualisation. Overall it
should be noted that the tomato WGS dataset provides enormous coverage (~40
000x) across the chloroplast genome, which means that some level of (background)
artifacts is expected in all tracks except the insert size and coverage tracks. Auto-

ranging means that the scales of tracks may differ significantly.
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Figure 1. Comparison of the de novo assembly (along the x-axis) with the iterated read mapping assembly (along the y-
axis) of tomato. The bottom left shows the mummer alignment of the genomes, while different tracks to the right and on

top show various aggregate data types. Further explanation in the text.
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In Figure 2, the iterated read mapping assembly of Paphiopedilum henryanum using
Cypripedium japonicum also contains most of the defects. From our observations,
many low or absent coverage regions (a) (only one shown) in the iterated mapping
assembly, indicating that these regions, making up a considerable fraction of the
chloroplast genome, are completely missing from the Paphiopedilum henryanum
chloroplast genome. The structure of the short single copy region (b) is completely
different between the two assemblies, with the iterated read mapping assembly in
the Short Single Copy (SSC) region being considerably longer and the whole region
appearing twice (in inverted repeat) in the de novo assembly. Coverage data (d)
indicates that the SSC in the read mapping assembly attracts approximately twice
the average coverage (note the scale on the axis), supporting the hypothesis that the
SSC in Paphiopedilum henryanum has been incorporated into the IR. Excessive
discordant read mapping (e) and “linking” reads (f) at the SSC boundaries add
support to this hypothesis. Approximately in the middle of the SSC (a) a sequence
coverage gap is not flanked by discordant coverage (g) but only by “linking”
coverage (h) suggesting that this is an actual insertion unaffected by rearrangements.
The region (c¢) in the LSC that appears inverted is flanked on both sides by dips in
coverage in the de novo assembly. The left-hand coverage dip (j) coincides (i) with a
change in average read length and close inspection (not shown) of this region
reveals a low complexity AT rich sequence and an N-filled gap in the underlying
scaffold and support of sequence linkage across this gap is scanty, with only 19 read
pairs supporting it. If (data not shown) one manually rearranges the contigs in the de
novo assembly so that the apparent inversion (c) is removed, only 3 read-pairs
linking the scaffolds across this junction are found, all of which end, with numerous
sequence differences, in the low complexity AT rich sequences found in this
junction. At the position of the junction between SSC and IR, a high number of
discordant mapping (k) and “linking” (1) reads is observed, indicating that the
assembly in this region is incorrect. The peak (m) in the number of clipped
nucleotides coincides with a peak (n) in the “linking” reads, and there are indications
(from close inspection, not shown) that this region contains an unresolved nearly

exact duplication. Overall, the tracks on the y-axis show many problems, in
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particular large numbers of “linking” read-pairs around areas without coverage in
this assembly and larger numbers of clipped reads. Also, there are many short
mummer alignments (not annotated in Figure 2) that are dispersed throughout the

iterated mapping assembly, that are generally near the areas without coverage.
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Figure 2. Comparison of the de novo assembly (along the x-axis) with the iterated read mapping assembly (along the y-
axis) of Paphiopedilum henryanum. The bottom left shows the mummer alignment of the genomes, while the tracks to the

right and on top show various aggregate data types. Further explanation in the text.
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Discussion

Since none of the current sequence assembly algorithms is perfect, it is difficult to
choose which assembly is the best. When considering the quality of an assembly,
data such as read coverage of various types of reads can be useful for a researcher.
In this study, we showed the effectiveness of this novel visualisation tool. This tool
combines and visualizes read mapping and alignment results in a two-dimensional
plot without breaking any sequence connectivity. Based on this study, we can draw a
number of conclusions about the capabilities of the visualisation tool and of the
iterative read mapping procedure that was used to construct alternative assemblies

for comparison purposes.

In addition to the five tracks (I-V) shown, the tool can also show tracks for GC
content, simple nucleotide coverage (which is different from the DNA fragment
coverage for paired end data shown in the examples), mapping quality, single end
mapping of paired reads and preferred read orientation. The tool can also be used to
visualize magnified sections to aid more detailed analysis, can handle multiple
tracks of the same type and is highly configurable: color, graph type, order, scaling
and binning can all be configured. Deviations observed in each of the tracks offer
various clues about what may be wrong with assemblies: Deviations in the insert
size track may indicate misassembly. Clipping can indicate misassembly, larger
structural differences between reference genome and the WGS sequences, and
mapped WGS sequences extending into (N) gaps. Higher error rates in reads can
also cause clipping. Peaks in the discordant mapping track may either be an
indication of a misassembly or be an artefact caused by the circular nature of the
chloroplast genome. Any peaks in the “linking” track may be an indication of
linkage between separate scaffolds in an assembly or an indication that some areas
may suffer from a false insertion. The coverage track may help resolve repeats and

indicates where sequences absent from the target genome are found.
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While there are no larger structural rearrangements between tobacco and tomato,
smaller structural variations exist and can be detected through the read mapping
results. The structural differences between Paphiopedilum henryanum and
Cypripedium japonicum are much larger, and data offers good support for the
hypothesis (Chapter 2) that the IR in orchids expanded to include the complete SSC
region. Also the comparison supports the hypothesis that the Cypripedium
japonicum chloroplast genome is significantly expanded, with novel sequences as
well as dispersed repeats compared to the Paphiopedilum henryanum chloroplast
genome. The evidence for the inverted section in the LSC region is scanty, with low
and virtually absent support for connectivity on either side. Inverting this inversion
(data not shown) did not resolve the issue. Many problems appear to be caused by
the AT rich low complexity regions near gaps in the assembly. While difficulty
sequencing through this particular template may be the cause for low sequence
coverage, the problem is aggravated by difficulty assembling the lower complexity

regions they represent.

Arguably the iterated read mapping-based assembly strategy is naive, ignoring
structural variation, focusing on the regions where genomes are sufficiently similar
and potentially introducing “SNP”-type errors in regions with structural variation. If
phylogenetically sufficiently close material is used as a reference these problems
may be acceptable, however, from the data presented here it is evident that neither
Cypripedium japonicum nor tobacco are suitable references for such an approach. In
addition, use of a reference that is closer to some accessions in a phylogeny and
further away from some other accessions may introduce an unwanted phylogenetic
bias. The exact order and orientation of all scaffolds in the Paphiopedilum
henryanum de novo assembly is not yet known, and in particular resolving the issues
surrounding the AT-rich regions may require additional work. The cyclical behavior
of iterated read-mapping can in part be attributed to problems mapping reads (and
indeed assembling reads) in low complexity regions. Another factor that appears to

play a role is apparent heterogeneity at two loci in the Paphiopedilum henryanum
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chloroplast genome. The exact cause of this is unclear and this warrants further

investigation.

In our examples one of the assemblies was the output of our de novo chloroplast
genome assembly pipeline (Chapter 2), and the other assembly was made using an
iterated read mapping procedure. The tool is not limited to these specific
comparisons; it can compare any pair of chloroplast assemblies, and a possible use
might be visual assessment of several of (the multitude of) different assembly
variants produced by our de novo assembly pipeline. Currently our chloroplast
assembly pipeline only uses overall assembly size and the number of scaffolds and
gaps as optimization criterion, but is may also be useful to quickly visually compare

top contenders in order to pick the best option.

While other visual means for assessing assembly quality exist, for instance IGV
(Robinson et al. 2011) and Tablet (Milne et al. 2013) these tools do not offer a direct
in-context visualisation of a comparison between two assemblies. In addition, some
tools (e.g: IGV) are more suitable for very detailed work because they either do not
offer graphs showing aggregate data other than simple sequence coverage or do not
show any useful data until sufficiently zoomed in. Consequently, with some tools it

is very easy to lose track of the larger sequence context.

Conclusions

Here we demonstrate a visualisation tool that allows us to make a comparative
assessment of the quality of two different assemblies. This comparison may be
immediately useful to quickly select the best of two options for a purpose, but is also
useful as it provides hints as to where specific artifacts are located. While it is
targeting chloroplast genomes, it will also handle larger genomes and can produce

magnified versions of specific regions, allowing efficient comparisons at any scale.
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Chapter 4

Phylogenetic analysis of tomato (Solanum section Lycopersicon)
based on various complete chloroplast genomes and subsets

thereof.

Shairul 1zan, Marinus J.M. Smulders, Richard Finkers, Richard G.F. Visser, Theo
Borm (to be submitted)
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Abstract

Whole Genome Shotgun (WGS) sequencing from total DNA has been shown to
offer potential for chloroplast phylogenomics. Thanks to advances in high-
throughput data handling methods, chloroplast sequences that were previously often
discarded in the bioinformatics analyses now can be used to determine phylogenetic
and taxonomic relationships. In the present study, we explore and evaluate a
chloroplast phylogenomic approach in various species within Solanum section
Lycopersicon utilizing the available WGS data from the Tomato Genome
Sequencing Consortium. This enabled the alignment of 84 chloroplast genomes with
several protein coding genes and noncoding regions that are potentially useful to the
molecular systematic community. In particular, more than 50% of all
phylogenetically relevant information was present in just four genes (ycfl, ndhF,
ndhA, and ndhH). Moreover, when one would only use ycfl one would already use
34% of all information available in the chloroplast genomes of the accessions used
in this study. The topology of phylogenetic trees inferred from ycfl was the same as
that of trees based on all other protein coding genes, although with lower bootstrap
values. Moreover, we also saw that the non-coding regions contained approximately
twice as many polymorphic sites per basepair compared to the coding regions. These
revealed additional regions of non-coding DNA that may be explored and exploited
for intraspecific phylogenetic studies. Phylogenetic analyses using different subsets
(protein coding, noncoding, Single Copy and Inverted Repeats) of the chloroplast
genomes successfully recovered major groups in the section with some taxon
placement discrepancies. Incongruences between chloroplast genome and nuclear
genome-derived phylogenies suggest ancient hybridization events or incomplete

lineage sorting as the most likely explanation.
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Introduction

Molecular phylogenetic analysis aims to reconstruct evolutionary relationships using
DNA or amino acid sequences. Chloroplast DNA sequences have been used
extensively to study plant species divergence. Accordingly, as next generation
sequencing (NGS) methods advance, chloroplast phylogenomics has emerged as an
effective approach to clarify phylogenetic relationships among plant species.
Chloroplast phylogenomics based on the whole chloroplast genome may enhance
our confidence in the phylogenies produced by increased resolution and support for
relationships that remained unresolved in earlier studies based on data of a single
gene or intergenic region, or a small number of genes. In plants, chloroplast
phylogenomics has been reported to resolve difficult phylogenetic relationships
across low and high taxonomic levels (Moore et al. 2007; Moore et al. 2010; Jansen
et al. 2007; Parks et al. 2009; Xi et al. 2012; Yang et al. 2013; Barrett et al. 2013). In
addition, the whole chloroplast genome has been used to characterize chloroplast
evolutionary dynamics such as genome rearrangements (Cosner et al. 2004), gene
loss or structural changes (Magee et al. 2010; Yi et al. 2013) and changes in gene

content, order and function (Wicke et al. 2011).

Tomato (Solanum lycopersicum) belongs to the section Lycopersicon of the genus
Solanum L. (Peralta et al. 2008). The section Lycopersicon is a monophyletic clade,
which consists of wild and domesticated species (Moyle 2008). The taxonomic
relationship of the species in the Lycopersicon section is controversial with many
different classifications proposed (Zuriaga et al. 2009). Recently, the section was
further divided into four groups: Lycopersicon, Neolycopersicon, Eriopersicon, and
Arcanum (Peralta et al. 2008). Various molecular markers have been used to
elucidate the evolutionary relationship among species in the Lycopersicon section,
including chloroplast DNA (Palmer and Zamir 1982), mitochondrial DNA
(McClean and Hanson 1986), nuclear RLFPs (Miller and Tanksley 1990), AFLPs
(Spooner et al. 2005) and the combination of the Internal Transcribed Spacer (ITS)

sequences in the ribosomal RNA genes and nuclear genes (Marshall et al. 2001;
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Zuriaga et al. 2009). Nevertheless, the problem regarding their relationship and
classification remained unresolved. This is largely due to the lack of informative
characters available, as many species within the section Lycopersicon are relatively
recently derived. Chloroplast phylogenomics has the potential to maximise the
phylogenetic signal leading to accurate classification and increased resolution of the

relationship of species in Lycopersicon section.

The chloroplast genome has a quadripartite structure with two single copy regions
(the large single copy region, LSC, and the small single copy region, SSC) and two
copies of an inverted repeat (IR) region. A simple approach in chloroplast
phylogenomics would be to analyse the genome as a whole. However, using the
whole chloroplast genome might be inaccurate because coding regions and
intergenic regions may have a different rate of evolution (Curtis and Clegg 1984;
Wolfe et al. 1987; Gaut 1998). Although noncoding sequences have been suggested
to provide maximum phylogenetic signal when inferring phylogenies at lower
taxonomical levels, the performance of noncoding versus coding sequences has not
been well evaluated in chloroplast phylogenomic studies (Jansen et al. 2007; Moore
et al. 2007; Xi et al. 2012; Barrett et al. 2013).

Tomato is an excellent system to address the various challenges of analysing the
chloroplast genome in a phylogenetic framework as well for understanding the
evolution of chloroplast genome. Thus, we set out to study 84 complete chloroplast
genomes of species within the section Lycopersicon, created from WGS sequence
data generated by the Tomato Genome Sequencing Consortium (Aflitos et al. 2014)
using Illumina paired-end sequences. We applied our method of k-mer frequency
distribution analysis (Chapter 2) to extract the chloroplast reads and perform de novo
assemblies. These de novo assembled chloroplast genomes were subsequently used
to conduct phylogenetic analyses. This study had two objectives. First, we aimed to
explore the potential of complete chloroplast genomes in resolving the species

relationship at lower taxonomic levels. Second, we investigated whether the
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complete chloroplast genome could increase the phylogenetic resolution compared

to subsets of sequence information from the genomes.
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Materials and methods

Taxa sampled and sequence data

Paired-end genome sequencing data for 84 Lycopersicon accessions were obtained
from the Tomato Genome Sequence Consortium and the EU-SOL project (Aflitos et
al. 2014). The WGS sequencing was performed using the Illumina HiSeq 2000
platform with sequencing libraries prepared as per manufacturers’ instructions,
targeting an average 500 bp insert size (Aflitos et al. 2014). The 84 accessions
covered the Lycopersicon section within the genus Solanum L., including wild

accessions, old and modern cultivars (Table 1).

Reconstructing Chloroplast Genomes from the DNA sequences

Paired-end chloroplast reads were extracted from the raw sequence reads using a k-
mer frequency-based selection, using the procedure described in chapter 2 and
assembled. The procedure consists of five stages. Briefly, the first stage was to
generate the k-mer table for each accession using a k-mer size of 31. Subsequently,
the chloroplast paired-end reads were collected from the whole set of reads on the
basis of a selection of k-mers from the k-mer table. In the second stage, the selected
reads were assembled using SOAPdenovo (Li et al. 2010) with combinations of
different parameters (k-mer size and amount of data). The third stage involved
repeating the steps in stage two in order to refine the assembly. Stage four is to
iteratively connect linear scaffolds remaining from stage three by extending and
connecting scaffolds with additional sequence reads until scaffold ends overlap or
by finding read-pairs spanning gaps between scaffolds. Finally, in the fifth stage

gaps in the newly assembled chloroplast genome were filled.

Chloroplast Genome Annotation and Genomic Feature Extraction

The newly generated chloroplast genomes were annotated with the web-based
program CPGAVAS (Liu et al. 2012) using the default parameters. The annotation
program produces an output of chloroplast genome annotation in the

Generic/General Feature (GFF) file format. The annotations were checked and
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curated for missing annotations using Geneious software version 8 (Kearse et al.
2012). Genomic features for each of the 84 chloroplast genomes were extracted

using a custom perl script.

Data subsets

The chloroplast genome has a quadripartite structure with two single copy regions
(LSC and SSC), and two copies of an inverted repeat (IRs). We extracted five
datasets by making selections from the complete genomes: A) The single copy
regions (LSC and SSC combined). B) The IR region. C) All coding sequences
(exons of protein-coding genes) concatenated. D) All non-coding sequences
(intergenic regions and introns) concatenated E) All coding sequences and non-
coding sequences concatenated. Chloroplast sequences in all datasets were
concatenated using FasConcat-G software (Klck and Longo 2014) and aligned
separately under linux using with MAFFT version 5 (Katoh et al. 2005). All
alignments were performed using default settings and were visualized using
Mesquite software version 3.03 (Maddison and Maddison 2008).

Phylogenetic analyses and phylogenetic tree visualisation

The phylogenetic analyses were carried out using a Maximum Likelihood (ML)
analysis (a 100 iteration bootstrap (BS) through an heuristic search) which was run
with RAXML-HPC2 (Stamatakis 2014) on XSEDE version 8.2.4 via the CIPRES
Science Gateway Web Portal at the San Diego Supercomputer Center (Miller et al.
2010). Analyses were done with GTR+GAMMA model and default parameter
settings. The produced trees were visualized with FigTree v1.3.1

(http://tree.bio.ed.ac.uk/ software/figtree).
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Results

De novo assembly of chloroplast genomes

The chloroplast reads present among the raw shotgun Illumina paired-end sequences
were identified and extracted based on the presence of k-mers with frequencies
corresponding to the chloroplast single-copy and inverted repeat regions (as
described in Chapter 2). To aid the visualisation, a series of binned k-mer volume
histograms (bin size 100) were produced. Peaks corresponding to single copy
chloroplast regions were present at k-mer frequencies ranging from 400 to 2000.
Peaks representing the inverted repeat regions were located at k-mer frequencies
ranging from 4000 to 20000 in the 84 WGS data sets analysed. After assembly,
individual chloroplast genomes were obtained that were either in a single scaffold
representing a complete, circular genome or in one or more scaffolds representing
several (potentially incomplete) linear fragments (Table 1). All 84 genomes
followed the typical quadripartite structure of flowering plants. The correct
orientation of the SSC and LSC relative to each other cannot be determined using
the short read sequences from Illumina. That would require an extra validation with

e.g. a long range PCR.
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Properties of the tomato chloroplast genomes

The assembled 84 complete chloroplast genomes have assembly sizes ranging from
148 214 to 155 541 bp long in total. The length varied from 83 106 to 86 103 bp in
the LSC region, from 16 617 to 18 622 bp in the SSC region and from 25 406 to 25
643 bp in IR regions. In addition, the GC contents of the assembled genomes ranged
from 36.11% to 39.02%. Furthermore, the gene content and gene order were
conserved among the tomato species and accessions. The tomato chloroplast
genome encodes 114 unique genes including 80 protein-coding genes, 30 transfer
RNA genes and four ribosomal RNA genes (Table 2). Seventeen of these unique
genes were present and duplicated in the IR, giving a total of 133 genes. 11 protein-
coding genes had an intron of which the clpP and ycf3 genes contained two introns.
The rpsl12 gene had three exons with the first exon is located in the LSC region

while the second and the third exon are located in the IR region.

Contraction and expansion of IRs

In several accessions the junction between LSC and IR was located within the rps19
gene, resulting in partial duplication of this gene in the IR. This partial duplication
consisted of various lengths (87 bp, 90 bp, 93 bp, 96 bp), differing by three
nucleotides each (one amino acid). Partial duplications were observed in accessions
of S. pimpinellifolium (LYC2798), S. corneliomulleri (LA0118), S. cheesmaniae
(LA1401), S. arcanum (LA2157 and LA2172), S. habrochaites (LYC4), S. pennelli
(LA1272 and LAOQ716), S. huaylanse (LA1364) and 26 Solanum lycopersicum

accessions. In the other tomato species rps 19 was not duplicated.
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Table 2: Genes present in the chloroplast genome of tomato species.

Category

Group of genes

Name of genes

Self-replication,
transcription and
translation

Photosynthesis

Other gene

Unknown gene

Large subunit of ribosomal proteins
Small subunit of ribosomal proteins
DNA dependent RNA polymerase

rRNA genes

tRNA genes

Photosystem |
Photosystem 1

NADH oxidoreductase
Cytochrome b6/f complex
ATP synthase

Rubisco

Maturase

Protease

Envelop membrane protein
Subunit Acetyl-CoA-carboxylase
c-type cytochrome synthesis gene

Conserved Open Reading Frames

rpl2*,14,16,20,22,23,32,33,36

rps2,3,4,7,8,11,12,14,15,16*

rpoA,B,C1*,C2

rr4.5,5,16,23
trnA-UGC,trnC-GCA,trnD-
GTC,trnE-TTC,trnF-GAA, trnfM-
CAT, trnG-GCC, trnG-TCC, trnH-
GTG, trnl-CAT, trnl-GAT, trnK-
UUU, trnL-CAA, trnL-TAAtrnL-
TAG, trnM-CAT,trnN-GTT,trnP-
TGG, trnQ-TTG,trnR- ACG, trnR-
TCT,trnS-GCT,trnS-GGA, trnS-
TGA, trnT-GGT trnT-TGT,trnV-
GAC, trnV-TAC, trnW- CCA,trnY-
GTA

psaA,B,C,1,J,ycf3* ycf4
psbA,B,C,D,E,F.H,1,J,K,LM,N, T,Z
nadhA*,B*,C,D,E,F,GH,I,J,K
petA,B*,D*,G,L,N

atpA,B,E,F*,H,I

rbcl

matK
clpP*
cemA
accD
CCsA

ycfl,2,15

*Genes containing one or two introns
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Sequence divergence of structural and functional units

Regions in the chloroplast genome may evolve at a different rate. To investigate this
hypothesis for structural units, we extracted each region (LSC, SSC and IR) from
the 84 tomato genomes and performed alignments. The alignments of LSC and SSC
were also concatenated to produce a synthetic Single Copy (SC) region. Table 3
shows number of variation sites, parsimony informative sites and nucleotide
diversity found among different genomic regions. The number of variable sites
refers to the total number of polymorphic sites in the region examined. In contrast,
parsimony informative sites include only those variants which were detected in at
least two of the sequences under study. In general, half of the variation sites were
parsimonious among genomic regions. Few mutations were detected in the IR region
(25 parsimony informative sites) compared to the SC region (508 parsimony
informative sites). This supports the notion that the IR region is more conserved than

the single copy regions.

With regards to functional units, the total protein coding sequences contained data
for only 49 protein coding genes as other genes had no variable sites reported. The
proportion of sequence variation (parsimony informative) in the noncoding (intron
plus intergenic) sequences (356 parsimony informative sites) was twice that of the
protein coding regions (211 parsimony informative sites), translating into parsimony
informative site densities of 5 and 2 per kilobase for non-coding and coding regions
respectively. The ratio of nucleotide diversity between functional region (protein
coding: intergenic: intron) was 1:6.5:3, indicating that intergenic sequences evolved
faster than the protein coding and the intron sequences, and that intron sequences

evolved slower that intergenic sequences in these tomato species.
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Table 3: Comparison of sequence divergence in different genomic regions of chloroplast genomes

within section Lycopersicon.

. Parsimony .
Number Variable Nucleotide
Region/dataset . . informative . .
of sites sites . diversity
sites
Structural
Single copy region 103832 1104 508 1.06/0.49
LsC 85711 818 353 0.95/0.41
SsC 18121 286 155 1.58/0.86
Inverted repeat (one copy IR) 25460 37 25 0.15/0.1
Functional
Coding (49 genes only”) 72807 441 211 0.61/0.29
Noncoding 70130 676 356 0.96/0.51
Intergenic 59704 659 347 1.10/0.58
Introns 10422 17 9 0.16/0.09
Total chloroplast 154753™ 1117 567 0.72/0.36

“The other protein-coding genes had no variable sites.
"Average length of chloroplast genome assembly size
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Parsimony informative polymorphisms

Given the privilege of having the complete chloroplast genome for all taxons
included in this study, we set out to identify the most variable genes. Figure 1 shows
the nucleotide variation of all 49 variable protein-coding genes in the order in which
they occur in the genome. Interestingly, the ycfl gene is by far the fastest evolving
gene in the chloroplast genome of the tomato species, containing 34% of the total
amount of variation in protein-coding genes. It is followed by ndhF, ndhA and
ndhH, which together contain another 26%. Hence, studying only these four genes
means that 60% of the parsimony informative sites are already accessed. All four

genes are located in the SSC region.

Non-coding chloroplast DNA sequences are an important data source for
phylogenetic studies at a lower taxonomy level. Non-coding chloroplast DNA
sequences are mostly intergenic, as there are only eight introns in six genes in the
tomato chloroplast genome. All 121 intergenic and intron regions were ranked by
parsimony informative sites as above in Figure 2. Based on this analysis we
identified the top 10 variable regions. Intergenic region rps16-trnQ-TTG was ranked
1%, followed by trnH-GTG_psbA, petN_psbM, psbM_trnD-GTC, atpH_atpl,
rbcL_accD, rps4_trnT-TGT, ndhF_rpl32, matK rps16, and trnS-GCT_trnR-TCT.

These regions were all located in the LSC region.
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SSC

OVariable sites

+ Parsimony sites

IR

LSC

Figure 2. Number of variable and parsimony informative sites (y-axis) of 121 noncoding sequences (the intergenic regions and a few introns in genes) in the

order of their position in the chloroplast genome (x-axis). The green bars represent the number of variable sites and the diamonds indicate the number of

parsimony informative sites. Boundaries between LSC and IR and between IR and SSC are indicated, with only one copy of the inverted repeats included.
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Phylogenetic analyses

Overall, the ML analyses of single copy, coding and noncoding data sets produced
congruent phylogenetic trees in terms of topology and resolution. A comparable
resolution was recovered across data sets with all major clades receiving high
bootstrap support (BS 73-100%). In contrast, the IR data set was not able to resolve
most of the taxa. Generally, phylogenetic resolution is correlated with the number
of informative sites. The IR data set contained the least number of parsimony
informative sites compared to other data sets with only 37 sites (Table 3), so we
decided to ignore the IR from here on.

Phylogenetic trees of all data sets confirmed that tomatoes and their wild relatives
are monophyletic (Fig. 3 — Fig. 6). Despite the long branches that connected the in-
group with the out-group, a clear grouping within species was detected with some
discrepancies in taxon placements across data sets. This concerned several
accessions of S. lycopersicum that were grouped together with a red-orange fruited
clade containing S. cheesmaniae, S. galapagense, S. pimpinellifolium, in the
Lycopersicon group. Specifically, S. cheesmaniae and S. galapagense were
clustered into a subgroup. Accession LA0483 (S. cheesmaniae) appears to have a

close relationship with a group containing S. lycopersicum cultivars.

In all datasets, ML analysis resolved the Lycopersicon group as sister to a
monophyletic clade (BS=100) containing five accessions of S. habrochaites. S.
habrochaites belongs to the Eriopersicon group according to previous classification
(Peralta et al. 2008). Nonetheless, another two accessions (LA1777 and P1134418)
consistently appeared at the base of the tree and formed a highly supported clade
with S. pennelli in data sets of protein coding (BS=100) and single copy gene
(BS=73). In contrast the non-coding data set placed S. habrochaites (LA1777) as a
sister to all groups within the Lycopersicon section. Peralta et al. (2008) placed S.

pennelli in its own group (Neolycopersicon) rather than sister to S. habrochaites.
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We also recovered a well-supported green-fruited clade including species from the
Arcanum group (S. chmielewskii, S. neorickii and S. arcanum) which is divided into
two sister groups with species within the Eriopersicon group (except S.
habrochaites) across three data sets illustrating a very close relationship between
both groups. While the S. chmielewskii and S. neorickii are resolved into two
monophyletic groups and cluster together with S. arcanum (LA2172), accession S.
arcanum (LA2157) was placed more distantly.

In all datasets, S. arcanum (LA2157) was a sister to the Lycopersicon group and S.
habrochaites clade. Furthermore, our results also show that the Eriopersicon group
formed two subgroups. The first subgroup consisted of S. peruvianum (northern)
and S. chilense that formed a sister group with S. peruvianum (southern) across
three data sets. The second subgroup included S. corneliomulleri, S. huaylasense, S.
chilense and S.spp.
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Incongruent coding and noncoding data sets and the phylogeny
estimation based on single loci

Visual comparison of phylogenetic topologies between protein coding sequences
and non-coding sequences indicate four incongruences among phylogenies derived
from protein coding and non-coding sequences data sets. Nevertheless,
phylogenetic resolution in analyses of these data sets are comparable despite the
fact that the non-coding data set contained nearly twice as many parsimony
informative sites than the protein coding data set (356 vs 211) as shown in Table 3.
These incongruences may be due to differences in the evolutionary histories of
protein coding and non-coding sequences in the chloroplast genome. The non-
coding phylogenetic tree appears to strongly reject the placement of S. habrochaites
(LA 1777 and Pl 134418) and S. pennelli (LA 0716) at the base of phylogenetic
tree. Instead, only S. habrochaites (LA 1777) was placed at the base of the tree
while accessions S. habrochaites (Pl 134418) and S. pennelli (LA 0716) were
placed in the polytomy with the Eriopersicum and Arcanum groups (Fig. 4). In
addition, the Arcanum group was not recovered in the non-coding data set
compared to protein coding data. One of the species from Arcanum group, S.
arcanum (LA 2172) was unexpectedly conformed in the polytomy with S.
chmielewskii and a clade consisting of S. peruvianum and S. chilense. It is worth to
mention that both coding and noncoding datasets did not resolve the relationship
between members of the Eriopersicon group (S. huaylasense, S. chilense, S.
corneliomulleri and S. peruvianum) except S. habrochaites in one clade but instead
we find them in three sub-groups. Furthermore, phylogenetic estimation based on
the single ycfl locus was successful in recovering the major nodes when compared
to the phylogenies derived from other datasets such as the protein coding sequences
(Fig. 7). The major nodes in the single locus ycfl gene tree suffered from lack of
resolution compared to the multi-locus based trees, as expected. The topology of the
phylogenetic tree also did not indicate significant conflicts, but rather a polytomy
resulting from unresolved relationships among members of the Arcanum group and

some discrepancies in taxon placement.
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Figure 7: Maximum likelihood tree based on single gene loci, ycfl gene. Numbers at each node indicate bootstrap support values and branch scale is shown at

the base of the tree.
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Discussion

In this study, we showed that shotgun DNA sequences include more than sufficient
chloroplast-derived reads to be able to assemble complete chloroplast genomes.
Based on the k-mer frequency distribution we took chloroplast-derived reads and de
novo assembled 84 chloroplast genomes of tomato within the section Lycopersicon.
No extra costs for a separate library preparation of chloroplast DNA and laboratory
work were needed, nor PCR amplification prior to sequencing. In our opinion, this
strategy will increase the number of available complete chloroplast genomes for all
angiosperm species, especially for non-model species. Hence, chloroplast
phylogenomics can be exploited to its full potential to resolve many unsettled issues

in plant evolutionary studies.

Chloroplast genome organization comparison

The structure of the chloroplast genome of tomatoes was well conserved as no
structural rearrangement or loss or gain of genes was detected. This is consistent
with the recent divergence of these lineages. We did observe an expansion of the
single copy rps19 gene from LSC into the IR, but this is quite common, especially
in monocots (Wang et al. 2008). A study by Shinozaki et al. (1986) described two
junctions between LSC and IR called as JLA and JLB and the DNA region
surrounding JLA evolved rapidly in Nicotiana while JLB region was much more
conserved (Goulding et al. 1996). In the current study, JLA lies within or near rps19
gene since we found various lengths of partial duplication of rps19. This expansion
of IR may have shifted the JLA junctions. Intraspecific variation in the position of
LSC and IR was first discovered in Eucalypts using RLFP by Vaillancourt and
Jackson (2000). Our result suggests that the junction of LSC and IR, specifically
JLA, will provide useful chloroplast genome polymorphism for the future study of
intraspecific variation. This is because, according to the previous study, major
changes in position of IR junctions lead to structural rearrangement elsewhere in the
chloroplast genome (Perry and Wolfe 2002; Chumley et al. 2006; Haberle et al.
2008; Wicke et al. 2011).
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Exploiting the whole chloroplast genome sequence for phylogenetic studies of
closely related species

The need to generate large amounts of data in order to have sufficient variations
among closely related plant species has hampered reconstruction of chloroplast-
based phylogenies. This is partly due to high cost to produce such data. In this
study, we showed this limitation can be resolved by exploiting the data from WGS
DNA sequencing. However, despite the use of complete chloroplast, low
intraspecific variation was observed among tomato species. The inference of
phylogenetic relationships among closely related tomato species based on the
complete chloroplast genome demonstrated that protein-coding genes were more
conserved while non-coding sequences (introns and intergenic regions) evolved
faster, as they showed 2 versus 5 parsimony informative sites per kilobases
respectively. We confirmed the utility of ycfl, rpoB, matK, rpoCl, rpsl6-trnQ,
trnH-psbA and psbK-psbl genes (Shaw et al. 2007; Neubig et al. 2009; Dong et al.
2013). Surprisingly, it turned out that several other protein-coding genes and
noncoding regions contain phylogenetic information but these have never been
used. Protein genes (ndhA,B,D,H, ycf3,accD,rpoC2,psbB and ccsA) and non-coding
sequences (petN-psbM,rbcl-accd,matK-rps16,trnS-trnR,rpl16-rps3) have previously
not been reported, but they may provide an additional set of informative protein-
coding and noncoding regions in the chloroplast genome for the molecular

systematics community.

Interestingly, it was possible to include more than 50% of all phylogenetically
relevant information by just using four genes (ycfl, ndhF, ndhA, and ndhH).
Moreover, when one would only use ycfl one would already use 34% of all
information available in the chloroplast genomes of the accessions used in this
study. We saw in our analysis that the topology of phylogenetic trees inferred from
ycfl was the same as that of trees based on all other protein coding genes, although
the ycfl-only tree had lower bootstrap values (50-100%). This shows that ycfl alone

reflects the “true” phylogenetic relationship even in closely related species, in this
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case tomato. This is consistent with the study of Neubig et al. (2009). They showed
that the ycfl gene is highly variable and phylogenetically informative at the species
level. In contrast, at high taxonomy levels the ycfl gene has been proposed as a
promising plastid DNA barcode for distantly related plant groups (Dong et al.
2015). Our results indicate that the ycfl gene has also great phylogenetic utility at

low taxonomic levels.

Towards a refined phylogenetic classification of tomato species within
Lycopersicon section

Various molecular markers from both chloroplast and nuclear genomes have been
used to construct phylogenetic relationships within the section Lycopersicon
(Peralta and Spooner 2001; Spooner et al. 2005; Peralta et al. 2008; Grandillo et al.
2011; Aflitos et al. 2014; Dodsworth et al. 2016). The results of our study based on
84 complete chloroplast genomes largely support the informal classification
suggested by Peralta et al. (2008) (but with several discrepancies of taxon
placement as discussed below). They proposed four groups within the section: (i)
Lycopersicon group with S. lycopersicum, S. cheesmaniae, S. galapagense and S.
pimpinellifolium, (ii) Arcanum group with S. arcanum, S. chmielewskii, and S.
neorickii, (iii) Eriopersicon group with S. habrochaites, S. huaylasense, S. chilense,
S. corneliomulleri and S. peruvianum and (iv) Neolycopersicon group with S.

pennelli.

Several of these proposed relationships are supported by our study, including the
monophyly of section Lycopersicon (Table 4). We recovered the Arcanum clade, a
red-orange fruited clade, and a basal clade consisting of S. habrochaites and S.
pennelli. Whole genome sequence data robustly suggested that the phylogenetic
relationships for a large number of tomato accessions and their wild species are
correlated with their geography (Aflitos et al. 2014). Indeed, our chloroplast data
place the northern and southern S. peruvianum species in separate groups. These
two geographical groups were known to possess moderate breeding barriers (Rick

1986). Furthermore, it is important to note that data in our study demonstrated a
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close relationship between southern S. peruvianum species and S. chilense. This
close relationship has been observed in previous studies of tomatoes species using
microsatellite (Alvarez et al. 2001) and AFLP (Spooner et al. 2005).

Additionally, we observed the presence of polytomies in the reconstructed
phylogenies. Polytomies or phylogenetic bushes result from poor resolution of true
bifurcating relationships (soft polytomies) or from rapid speciation (hard
polytomies) (Maddison 1989). Soft polytomies can be easily resolved, often by
increasing the number of characters analysed, while hard polytomies cannot be
resolved into bifurcating relationships (Humphries and Winker 2010). Recently Zou
et al. (2008) fully resolved the relationships among diploid genome of Oryza using
142 single copy genes, while the relationships had remained unresolved in previous
studies because of rapid speciation. They suggested that rapid speciation in an
angiosperm genus can be resolved as long as a sufficient number of unlinked genes
are sampled. If rapid speciation is the cause of polytomies among our reconstructed
phylogenies the using unlinked genes would be able to resolve those lineages into
bifurcating relationships. For this a follow-up study could combine our chloroplast
information with that of several nuclear genes extracted from the genome sequences

of these plants, which are being assembled.

Topological incongruence

Phylogenetic incongruence between phylogenies derived from different data sets is
common in plant systematics. Various explanations have been proposed and these
can be divided into two categories. The first category is incongruence that occurs
because of non-biological artefacts and the second category that causes
incongruence is different underlying phylogenetic histories (hybridization and

introgression, lineage sorting and horizontal gene transfer).

Within this study, we detected well-supported incongruences (BS > 70) between
two data sets (protein coding and non-coding). The topologies of these data sets

were contradicting with several discrepancies in taxon placements. This may be
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largely explained by the different rate of evolution in combination with coding
sequences being subject to selection (Muir and Filatov 2007). For example, positive
selection in rbcl was reported to be widespread in the Hawaiian endemic genus
Schiedea and it has been shown that the adaptive selection in rbcl may have driven
the spread and fixation of adaptive cytotypes in several Schiedea species inhabiting
the same island of the archipelago. This in turn created a strong incongruence
between the chloroplast gene tree and the phylogeny of the genus (Kapralov and
Filatov 2006). In our analysis we recovered S. huaylasense (accession LA1983 and
LAL1364) as sister to the Arcanum group rather than being a member of the
Eriopersicon group like another accession of S. huaylasense (LA 1365). Although
our finding is incongruent with genome-wide SNP data (Aflitos et al. 2014), it is
congruent with the study of Rodriguez et al. (2009) that reconstructed tomato
phylogeny using 19 conserved orthologous set (COSII) nuclear loci. Based on this,
the incongruent S. huaylasense placement in our chloroplast phylogeny may be due
to lack of phylogenetic signal in the chloroplast genome.

Generally, the results of our chloroplast sequence analyses are comparable with the
results based on whole genome sequencing SNP data (Aflitos et al. 2014), but with
some well-supported incongruences, including a distant relationship between two S.
arcanum species where accession LA 2157 was placed in the highly supported
clade of its own and has sister relationship with a clade consisting of the
Lycopersicon group and S. habrochaites cluster, while accession LA 2172 was
grouped together with members of the Arcanum group (S. neorikii and S.
chmielewskii). The same goes with S. cheesmaniae (LA 0483) which was placed as
a sister with the group containing all Solanum lycopersicum cultivars instead of in

the red fruited clade.

The incongruences between chloroplast and nuclear phylogeny trees are often
explained as indicative of hybridization and introgression events. For easier
hybridization and introgression identification and detection, chloroplast markers
provide additional information complementary to nuclear markers due to their

maternal inheritance and non-recombinant nature. However to support these
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hypotheses, and to distinguish them from the effects of insufficient phylogenetic
information, as discussed above, comprehensive analyses of incongruence such as
incongruence length difference test (ILD) need to be carried out to determine the

cause of observed incongruences (Farris et al. 1995).

Conclusion

This study presents the first study of phylogenetic relationships among species
within the section Lycopersicon using a chloroplast phylogenomics approach. The
results of this study show that indeed shotgun sequencing data from total genomic
DNA have vast potential for chloroplast phylogenomics. Our chloroplast
phylogenomics approach based on 84 chloroplast genomes produced strongly
supported phylogenies of the main groups within the section, with few
inconsistences in taxon placement compared to phylogenies based on nuclear
sequences. These differences may indicate species hybridisation event or
incomplete lineage sorting, which events would not be apparent based on nuclear
data only. Moreover, the non-neutrality in chloroplast genes may significantly affect
tree structure and bias the inferences of phylogenetic relationship based on
chloroplast DNA polymorphisms. Interestingly, most information was present in
just a few genes and regions. Even better, the variation in the ycfl gene only was

already sufficient to generate the same tree as based on the whole chloroplast.
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Chapter 5

Gene loss and inversions in the chloroplast of subgenus
Paphiopedilum (Orchidaceae) based on 32 de novo assembled

complete organellar genomes

Shairul Izan, Theo Borm, Jing Wei Yap, Yung-l Lee, Freek T. Bakker, Barbara
Gravendeel, Rogier van Vugt, Michael F. Fay, Richard G.F. Visser, Marinus J.M.
Smulders (to be submitted)
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Abstract

The genus Paphiopedilum comprises about 100 species. They occur throughout
South-East Asia. While previous studies of intersectional phylogenetic relationships
of subgenus Paphiopedilum based on selected markers failed to provide sufficient
information, the analysis of complete chloroplast genomes could provide better
resolution and support for the species in sections Coryopedilum and Pardalopetalum.
Here, we de novo assembled 32 complete chloroplast genomes of slipper orchid
species of the Paphiopedilum genus based on Whole Genome Shotgun (WGS)
sequencing data. Phylogenetic analyses based on subsets of the chloroplast genomes
confirm that the genus Paphiopedilum is monophyletic, and that the division of the
genus into three subgenera Parvisepalum, Brachypetalum and Paphiopedilum is well
supported. The division of subgenus Paphiopedilum into five sections was also
supported. Our assemblies show that the Paphiopedilum chloroplast genomes contain
rearrangements including gene loss and inversions. In addition, the chloroplast
genome of Paphiopedilum has experienced IR expansion that has included part of or,
in some taxa, the entire SSC region, resulting in a larger IR region compared to other
monocots. These rearrangements became visible as we used de novo assemblies rather
than mapping (or aligning) reads to a reference genome, and we advise to make this

the preferred method of analysing chloroplast genomes.
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Introduction

With around 25,000 species worldwide, Orchidaceae are one of the largest families of
flowering plants (Chase 2005). Orchidaceae comprise five recognized subfamilies
namely Apostasioideae, Cypripedioideae, Epipendroideae, Orchidoideae and
Vanilloideae (Chase et al. 2003, 2014). Among the subfamilies, species of
Cypripedioideae are known as slipper orchids because the lower half lip of the flower
is converted into a pouch which gives the flower a lady slipper-shaped appearance.
This subfamily is further divided into five genera (Selenipedium, Phragmipedium,
Cypripedium, Mexipedium and Paphiopedilum) occupying individual geographical
ranges as described in Cox et al. (1997). Of these genera, Paphiopedilum is the
largest, comprising 96 species (Guo et al. 2015). The genus is distributed from
Southeast Asia, Northern India, southern China, Myanmar, Thailand up to New
Guinea (Cribb, 1998). Most species in this genus are terrestrial, but some are
epiphytic or lithophytic. Over-collection of Paphiopedilum spp. from the wild and
destruction of its habitat have brought several of the species near extinction (IUCN
2016). Recent Red List assessments have shown that 98% of Paphiopedilum spp. are
threatened with extinction. In 2012, the Convention on International Trade of

Endangered Species (CITES) listed all Paphiopedilum spp. on Appendix 1.

Early studies concluded that Paphiopedilum can be divided into three subgenera;
Brachypetalum, Parvisepalum and Paphiopedilum. The first comprehensive study of
the molecular phylogenetics of the genus was based on the nuclear ribosomal DNA
internal transcribed spacer (nrITS) by Cox et al. (1997) followed by a study by
Morrison et al. (2005) based on more samples. The molecular data supported the
division of subgenus Paphiopedilum into five sections and were congruent with
infrageneric treatments (Cribb 1998). However, the studies did not provide adequate
resolution for phylogenetic relationships at the intersectional level. In their study, Cox
et al. (1997) considered a few suggestions for the genus Paphiopedilum, including
combining sections Coryopedilum and Pardalopetalum. The reason was that in their

study Coryopedilum was paraphyletic to section Pardalopetalum. Later, Chochai et al.
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(2012) constructed the phylogenic relationships of the genus based on nuclear nrITS
plus four chloroplast regions and successfully recovered five sections of subgenus
Paphiopedilum (Coryopedilum, Pardalopetalum, Cochlopetalum, Paphiopedilum and
Barbata), consistent with the previous studies, but with better resolution. However,
they observed a discordance of tree topologies based on nrITS and chloroplast DNA
sequences among sections in subgenus Paphiopedilum. A recent study on the genus
Paphiopedilum suggests that reticulate evolution and sea level fluctuation are

important factors that contributed to the diversification of the genus (Guo et al. 2015).

Chloroplast DNA sequences are useful for plant phylogenetic and evolutionary
studies. In fact, many molecular phylogenetic studies on orchids were based on
chloroplast DNA sequences (Yang et al. 2013; Luo et al. 2014). The chloroplast
genome is maternally inherited in orchid, thus allowing us to distinguish gene flow
through seeds from that through pollen as well as the identification of species
hybridization events (Bonatelli et al. 2013). The chloroplast genome is relatively
conserved which permits it to be used to infer phylogenetic relationships of plant
species. However, choosing appropriate molecular markers from the chloroplast
genome for relevant taxonomic levels is still a challenge in phylogenetic studies.
Research has consistently shown that the usefulness of the phylogenetic signal of
various chloroplast DNA regions for species identification and phylogenetic studies
can vary extensively among taxonomic groups (Spangler and Olmstead 1999; Wu et
al. 2007; Neubig et al. 2009; Shaw et al. 2014). In the meantime, rapid developments
in DNA sequencing technology have allowed researchers to generate an affordable
genome-scale data collection especially for small genomes such as those of
chloroplasts. As a result, chloroplast phylogenomics is emerging as an effective
approach for clarifying phylogenetic relationship in plants at any taxonomic level
(Philippe et al. 2005).

Whereas previous studies of intersectional phylogenetic relationships of subgenus
Paphiopedilum based on selected markers failed to provide sufficient information, the
analysis of complete chloroplast genomes could provide better resolution and support

for the species in sections Coryopedilum and Pardalopetalum. Here, we used
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complete chloroplast genomes, de novo assembled from whole genome shotgun
sequences using a novel strategy, in order to improve phylogenetic resolution and
increase our understanding of the molecular evolutionary of species in the sections of
subgenus Paphiopedilum. The utilities of various chloroplast genes as phylogenetic
marker for the reconstruction of the phylogenetic relationships in Paphiopedilum will

be discussed in this chapter as well as the challenges associated with this approach.
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Materials and methods

Ingroup sampling and outgroup selection

Species analysed in this study were selected to represent sections Coryopedilum and
Perdalopetalum of subgenus Paphiopedilum. At least two species from each of the
other sections (Cochlopetalum, Paphiopedilum and Barbata) were also included. We
obtained 32 samples of currently recognized Paphiopedilum spp. Leaf material of 27
spp. was obtained from the Hortus botanicus of Leiden University, The Netherlands
(HBL), Royal Botanic Gardens, Kew, United Kingdom (RBGK) and the National
Museum of Natural Science, Taichung, Taiwan (NMMS). In addition, raw DNA
sequencing data for seven other species were provided by RBGK and NMMS. A list
of the taxa analysed, including voucher information, is given in Table 1.

DNA extraction and lllumina sequencing

Fresh leaves from 27 accessions of Paphiopedilum spp. were collected for DNA
extraction. The leaves were either wrapped in wet tissues, snap frozen with liquid
nitrogen, or stored in RNALater prior to DNA extraction. For Paphiopedilum
gigantifolium fresh tissue from the ovary was used. DNA extractions were conducted
following the Fulton method (Fulton et al. 1995) and all samples were further purified
using the Qiagen spin miniprep kit (Qiagen, Venlo, The Netherlands). Although DNA
extraction was generally unproblematic, it was noted that leaf tissues which were
stored in RNALater turned brown during storage and yielded comparatively less DNA
than the other types of samples. The total DNA of 27 samples was pair-end sequenced
in two batches of Next Generation Sequencing on an Illumina HiSeq 2500. The first
sequencing with 11 species was conducted in BGI, HongKong and the remaining set
of species was sequenced at ServiceXS in The Netherlands, as indicated in Table 1.
Library preparations were made by the sequencing company. All DNA samples were
sequenced in one Illumina lane, which produced variable amounts of 2 x 125 bp

paired end reads.
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Chloroplast genome assemblies

The procedure for assembling chloroplast genomes was as described in Chapter 2
with some modification with regard to extracting chloroplast reads from the whole
genome dataset for Paphiopedilum spp as many samples did not exhibit easily
identifiable peaks in the k-mer frequency histogram. To overcome this issue, our
first step was to start the pipeline as usual, with a k-mer size of 31 (see Chapter 2
for details), make a wide selection of k-mers for each individual accession and
running the pipeline until completion of the second stage (initial assemblies),
followed by extraction of a “metagenome k-mer table” from the combination of all
stage 2 assemblies of all accessions As it was observed that some samples had short
insert sizes, reads where then pre-processed to (i) completely remove any read-pairs
with insert sizes less than 125bp — which would putatively contain adapter
sequences and (ii) merge any read-pairs with internal overlap, eventually producing
files with (i) merged pseudo-single-end reads, (ii) remaining unmerged forward
reads and (ii) remaining unmerged reverse reads Using the “meta-genome k-mer
table”, putative chloroplast reads were positively selected from merged and remaining
single end reads for each individual accession. At the same time, to filter out any
contaminant reads, a k-mer table with contaminants was created by combining k-mers
from the Phix genome sequence combined with k-mers that occurred more than 7
million times in genotype 28 and used to remove putatively contaminant reads from
the dataset. The Phix genome is used as an internal QC standard in Illumina
sequencing and genotype 28 is the sample from the herbarium that already failed in
the initial assembly. The reads remaining after this filtering were used to assemble
chloroplast genomes using the newly developed pipeline that consists of five stages.
Briefly, in the first stage a k-mer table was generated for each genotype and
chloroplast reads were collected on the basis of a selection of k-mers from this
table. In the second stage, the chloroplast genome was de novo assembled using the
SOAPdenovo assembler (Li et al. 2010) using combinations of different parameters
(k-mer size and amount of data). The third stage involved repeating the steps in
stage two in order to refine the assembly. Stage four is to iteratively connect linear

scaffolds remaining from stage three by extending and connecting scaffolds with
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additional sequence reads until scaffold ends overlap or by finding read-pairs
spanning gaps between scaffolds. Finally, in the fifth stage gaps in the newly

assembled chloroplast genome were filled.

Chloroplast genome annotation and genomic feature extraction

The newly generated chloroplast genomes were annotated with the web-based
program CPGAVAS (Liu et al. 2012) using default parameters. The annotation
program produces a chloroplast genome annotation in the Generic/General Feature
(GFF) file format. The annotations were checked and curated by eye for missing
annotations using Geneious software version 8 (Kearse et al. 2012). Genomic
features for each of the 32 chloroplast genomes were extracted using a custom Perl

script.

Data subsets

The general chloroplast genome has a quadripartite structure with two single copy
regions (LSC and SSC), and two copies of an inverted repeat (IRs) (Saski et al.
2005). We extracted five datasets by making selections from the complete genomes:
A) The LSC region; B) The SSC region; C) The IR region; D) All coding sequences
(exons of protein-coding genes) concatenated; and E) All non-coding sequences
(intergenic regions and introns) concatenated. Chloroplast sequences in all datasets
were concatenated using FasConcat-G software (Kuck and Longo 2014) and
aligned separately under Linux using MAFFT version 5 (Katoh et al. 2005). All
alignments were performed using default settings and visualized using Mesquite
software version 3.03 (Maddison and Maddison 2008).

Phylogenetic analyses and phylogenetic tree visualisation

The phylogenetic analyses were carried out using a Maximum Likelihood (ML)
criterion (including a 100 iteration bootstrap through a heuristic search) which was
run with RAXML-HPC2 (Stamatakis 2014) on XSEDE version 8.2.4 via the
CIPRES Science Gateway Web Portal at the San Diego Supercomputer Center
(Miller et al. 2010). Analyses were done with the GTR+GAMMA model and
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default parameter settings. The trees produced were visualized with FigTree v1.3.1

(http://tree.bio.ed.ac.uk/ software/figtree).
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Results

Assemblies of Paphiopedilum chloroplast genomes and their quality

The lllumina sequencing runs delivered variable numbers of reads as shown in Table
1. After the pre-processing step, which was included to eliminate overlapping reads,
the number of reads was reduced significantly. Read pairs that we used as an input in
the assembly ranged from 22903 to 5196111. Assemblies of Paphiopedilum
chloroplast genomes based on reads that were filtered resulted in better assemblies in
terms of the number of scaffolds generated. We observed that the improvements were
more pronounced for the samples in the second batch of sequencing (which generally
had poorer quality in terms of length, quality and amount of reads). Moreover, we
noticed that genotypes sequenced from the tissues stored in RNALater had low
quality assemblies compared to the assemblies from tissues that were snap-frozen in
liquid nitrogen or transported in wet tissue after harvesting. Genotypes identified as
low quality assemblies included Paphiopedilum randsii, P. adductum, P.
gigantifolium, P. ooii, P. sanderianum, P. barbatum, and P. primulinum. Aside from
P. barbatum and P. primulinum, all of these genotypes were sequenced from tissue
stored in RNALater. Moreover, DNA concentrations of four genotypes (P. adductum,
P. gigantifolium, P. ooii, P. sanderianum) had a low concentration of 2 to 17 nM,
whereas the average concentration was 50 nM.
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Genome features and loss of the ndh gene complex in the chloroplast genomes of
Paphiopedilum species

The Paphiopedilum chloroplast assembly size ranged from 143 529 to 167 381 bp.
The chloroplast genomes of Paphiopedilum encoded a set of 109 of genes comprising
68, 27 and four protein coding, transfer RNA and ribosomal RNA genes, respectively.
Six protein coding genes, hamely atpF, rpl2, rpoC1, clpP, rps12 and ycf3 contained
introns. In general, the genome features of the Paphiopedilum genomes analysed in
this study were similar in terms of gene content, gene order, introns and intergenic

spacers.

The newly assembled Paphiopedilum chloroplast genomes exhibited varying degrees
of ndh gene family losses. Generally, chloroplast genomes contain 11 ndh genes that
encode for NADH dehydrogenase subunits (Kim et al. 2015). Using blast of the
reference gene sequences annotated from the Cypripedium japonicum (NC_027227)
chloroplast genome, we found five ndh genes (ndhB, ndhC, ndhD, ndhK, ndhJ).
However, these genes possessed incomplete protein sequences or premature stop
codons yielding non-functional genes. Table 3 shows the length variation of gene
sequences obtained from the blast. The remaining six ndh genes (ndhA, ndhE, ndhF,
ndhG, ndhH, ndhJ) were completely absent, suggesting that they were fully deleted
from the chloroplast genome of Paphiopedilum spp. This result suggests that there are

no functional ndh genes left in the chloroplast genome of Paphiopedilum spp.
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Table 2. Length of various regions in the chloroplast genomes of Paphiopedilum spp.

Species LSC SSC IR Total length*
P. adductum 80968 10266 27548 118782
P. appletonianum 77883 10434 26945 115262
P. armeniacum 91392 11224 26003 128619
P. barbatum 83596 10773 27475 121844
P. concolor 81851 10807 25760 118418
P. druryi 80489 9732 28151 118372
P. fairrieanum 84835 10757 25563 121155
P. gigantifolium 82312 10122 26037 118471
P. glanduliferum A 81111 10389 25481 116981
P. glanduliferum B 81115 10530 25189 116834
P. haynaldianum 86413 10659 25027 122099
P. henryanum 84902 5513 25427 115842
P. hirsutissimum 79527 10683 24386 114596
P. kolopakingii 83151 10231 25431 118813
P. lowii 84127 10398 26883 121408
P. micranthum 81335 9706 28008 119049
P. ooii 82127 9979 25699 117805
P. parishii 82300 9877 24867 117044
P. phillipinense 80495 9059 25438 114992
P. praestan 78730 10018 25227 113975
P. primulinum 84613 11016 25873 121502
P. purpuratum 83788 10514 25230 119532
P. randsii 70024 9723 27581 107328
P. rothschildianum 86279 8111 25787 120177
P. sanderianum 42235 6137 23098 71470
P.spp_1 83786 10773 28719 123278
P. spp_2 85940 10660 26619 123219
P. stonei 81192 10114 25468 116774
P. supardii 82117 10364 27332 119813
P. victoria-regina 80749 10904 27377 119030
P. villosum 85688 11178 24417 121283
P. wilheminiae 69615 9736 25771 105122
Phrag longifolium 91397 12646 25059 129102

*total chloroplast genome including only one copy of IR
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Structural rearrangements in the chloroplast genomes of Paphiopedilum spp.

To identify the possible occurrence of structural rearrangements in the chloroplast
genomes, a combination of dotplots and read coverage graphs was generated for each
sample. For each sample, the raw reads were mapped against the original assembly
and edited assembly. The original assembly is the assembly that resulted from the de
novo assembly pipeline and the edited assembly is the assembly that is co-linear with
the reference genome Phragmipedium longifolium (KM032625). Assembly editing
was done to facilitate the phylogeny analysis in the latter stage. Examples of the
dotplots for one Paphiopedilum chloroplast genome as shown in the Appendix 1 and
the summary of each dotplot is shown in Table 4. Table 4 shows a summary of read
coverage of the assemblies, structural rearrangements and evidence of misassemblies
generated from the dotplot and the read coverage graphs that were produced to detect
structural rearrangements in the Paphiopedilum chloroplast genomes analysed in this
study. Low read coverage was detected from the assemblies of Paphiopedilum
randsii, P. adductum, P. gigantifolium, P. ooii and P. sanderianum, which made it
difficult to conclude if any structural rearrangements had occurred in the chloroplast
genome of those samples. We also identified a low quality sequencing library for
those samples with low DNA concentration as shown in the excessive variation of
coverage along the original and the edited assemblies. The read coverage of other
Paphiopedilum spp. included in this study was within medium and high coverage.

Remarkably, within this study, inversions in the LSC region and IR expansions were
detected in the new assemblies of Paphiopedilum spp. The first rearrangement was an
inversion in the LSC region. The inversions were detected by aligning the original
assembly against the edited assembly. The inversions in the LSC region could be
detected by the presence of a reverse complement match - a diagonal line from higher
left to lower right in the dotplots within the LSC region boundaries. Alignments
against the edited assemblies revealed that P. micranthum, P. parishii, P.
haynaldianum, P. stonei, P. phillipinense, P. praestans, P. druryi, P. fairrieanum, P.
glanduliferum B, P. spp_1, P. concolor and P. rothschildianum have inversions in the

LSC between 3177 to 28737 bp in size. Additionally, although the inversions were
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supported by the read mapping, the boundaries of the inversions were not consistent

throughout the Paphiopedilum samples analysed.

Another structural rearrangement detected by the read mapping was an expansion of
the IR. IR expansions into SSC region of about 8 kb to 11 kb were observed in all
Paphiopedilum spp. analysed. The read coverage of the SSC region doubled when
there was an IR expansion into the SSC region in both the original and edited
assemblies of most of the species. However, the IR expansion could not be
confidently determined for the assemblies of Paphiopedilum adductum,
Paphiopedilum gigantifolium, Paphiopedilum ooii and Paphiopedilum sanderianum

due to low coverage in the overall read mapping.
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Phylogenetic relationships among Paphiopedilum spp. analysed

Phylogenetic relationships were analysed using five data subsets, representing structural
and functional regions of the chloroplast genomes of the Paphiopedilum spp. analysed.
The relationships found were largely congruent between the data subsets, as is visible in
the maximum likelihood (ML) trees of the five datasets as shown in Figure 1 and Figure 2.
All trees successfully recovered the monophyly of the genus Paphiopedilum with a
bootstrap (BP) value of 100. In all datasets, subgenus Parvisepalum diverged first,
followed by subgenus Brachypetalum and finally subgenus Paphiopedilum, always
supported with 100 BP. In subgenus Paphiopedilum, two major lineages could be
observed. The first lineage was composed of three sections: Coryopedilum,
Pardalopetalum and Cochlopetalum. In three datasets (protein coding, non-coding and
LSC region) we successfully recovered a clade for section Cochlopetalum with moderate
bootstrap support (64 to 100). A close relationship between sections Coryopedilum and
Pardalopetalum was observed as together they formed a subclade with high bootstrap
support. The second lineage in subgenus Paphiopedilum was formed by species of sections
Paphiopedilum and Barbata. The division of the second lineage into sections
Paphiopedilum and Barbata was strongly supported (82-100 BP) in all ML analyses in all
datasets except for the SSC dataset (16 BP). However, across datasets we observed
topological incongruences of the accessions of P. fairrieanum and P. hirsutissimum, which
were grouped in section Paphiopedilum by Cribb (1998). For example, in the protein
coding dataset, P. fairrieanum formed a subclade with other species from section
Paphiopedilum whereas in the non-coding dataset, it was placed as sister clade to section

Barbata.
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Figure 1. Maximum likelihood trees based on protein coding (above) and non coding (bottom)
chloroplast DNA sequences. Numbers along branches indicate bootstrap values. The infrageneric
treatment follows Cribb (1998).
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Figure 2: Maximum likelihood trees based on a) long single copy (LSC), b) short single copy (SSC) and c) inverted
repeat (IR) regions of cpDNA. Numbers along branches indicate bootstrap values. The infrageneric treatment follows
Cribb (1998).
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Discussion

De novo assembly of chloroplast genomes of Paphiopedilum spp

The chloroplast genomes in this study have been assembled using an approach employing
a k-mer frequency distribution to select chloroplast reads from WGS Illumina sequencing
data, followed by de novo assembly. This allowed assembly of chloroplast genomes,
including structural rearrangements with regards to the available reference sequence. The
approach presented in this study not only helps to determine structural rearrangements in
the chloroplast genome, but at the same time allows to assess the quality of the assemblies

and sequencing.

Challenges to construct complete chloroplast genomes of Paphiopedilum spp
included in this study

Since the first arrival in 2005 (Margulies et al. 2005), next generation sequencing (NGS)
technologies have had a tremendous impact on chloroplast genomic research. More than
500 chloroplast genomes have been completely sequenced during the past 10 years.
Apart from the computational advancements of NGS technologies, simplification of the
sequencing process and lower costs have made chloroplast genome sequencing from
total DNA preferable over conventional approaches to full chloroplast sequencing,
which commonly involved purification or long range PCR amplifications of the
chloroplast genome prior to sequencing (Jansen et al. 2005). Nevertheless, we
encountered a couple of challenges in this study that may hinder or complicate the

correct assembly and annotation of chloroplast genomes.

One of the challenges was associated with the quality of the raw reads using
Paphiopedilum spp. DNA. Some sets of WGS sequences, especially in the second batch
of the DNA sequencing, contained a high proportion of reads with an insert size shorter
than the read size. Reads with an insert size less than the length of the separate paired ends
are not useful because they do not extend reads beyond their original length, unlike reads
with longer insert size. In addition, short insert size reads may contain the adapter on the

opposite end of the reads. This may prevent a proper assembly. Therefore we inserted a

121



pre-processing and a filtering step after the k-mer frequency-based selection but prior to
the de novo assembly (see Materials and Methods). Basically, the pre-processing step is
where we eliminated the reads that have a smaller insert size. In the filtering step, we
positively selected reads from a k-mer table representing the orchid meta-genome and
negatively selected those from the k-mer table produced from contaminant sequences.

These extra steps turned out to make the assembly easier and less prone to misassembly.

Another challenge is DNA preparation for Next Generation Sequencing. Illumina
sequencing typically produces paired-end reads that have an insert size longer than the
combined length of both reads. However, the variation of insert sizes is sometimes large
and their average size can be difficult to control. The resulting reads with short insert size
(as mentioned above) may be partly associated with the concentration of DNA and its
quality (Turner 2014). We noticed that most of the low quality assemblies were from
genotypes that were preserved in RNALater. RNALater was suggested as one of the
alternative methods to preserving RNA and DNA contents in remote fieldwork locations
(Gorokhova 2005), but we noticed on gel that some degradation of DNA had taken place.
Possible causes of DNA degradation in the tissue preserved in RNALater include a (i)
suboptimal volume of RNALater for the size of the tissue preserved, (ii) not ensuring that
the tissue was fully submerged in RNALater, (iii) not immediately placing isolated tissue
in RNALater, (iv) not storing tissue in RNALater at 4 degrees Celsius overnight prior to
freezing, (v) too much RNALater residues in downstream applications. Specifically for
Paphiopedilum spp. a possible cause may be the thick waxy layer on the leaves. This layer
helps to minimize water loss for the plant, but it may have acted as a diffusion barrier for
the RNALater, so that it did not fully penetrate the leaf tissue. Our results suggest that
RNALater may not be a good method for sampling Paphiopedilum spp. in the wild, or for

other plant species with waxy layers or thick leaves.

Last but not least, a challenge encountered during chloroplast genome assembly of
Paphiopedilum spp. concerned areas and samples with a lower number of read (lower
coverage). De novo assembly is the process to form long contiguous sequences (contigs)

by merging individual sequence reads (Paszkiewicz and Studholme 2010). Therefore,
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coverage is important because the assembler tends to break the contigs and introduces gaps
in the assembly if there is not enough overlap in coverage of the reads. Such cases may
give significant effects on the subsequent analyses and biological interpretations leading to
wrong conclusions. The small size of the chloroplast genome (less than 180 kbp) as
compared to the nuclear genome of Paphiopedilum spp. (25-30 Gigabases) means that it is
easy to obtain 50x to 100x coverage of chloroplast genome, which is more than sufficient
for a successful de novo assembly. However, we observed a large variation in number of
reads and coverage across the samples. This indicated that the DNA used as an input to
prepare the sequencing library varied in quality. For example, samples of P. adductum,
P. gigantifolium, P. ooii and Paphiopedilum sanderianum had very low coverage
(ranging between 0 and 10 of read pairs), evenly along the genome. This may be due to
poor DNA quality (too short fragments, Healey et al. 2014) or contaminating substances
such as polysaccharides or phenolics (Kasem et al. 2008). Although low coverage may
still allow calling many SNP positions with sufficient probability, it does not allow for
conclusions about structural rearrangement events for those samples. A poor quality
sequencing library produces an uneven coverage, with very low coverage at specific
sites, as was for instance observed for the sample of P. randsii.

Structural rearrangements in the chloroplast genomes of Paphiopedilum spp.

The characterization of 32 de novo assembled chloroplast genomes of Paphiopedilum spp.
led to the identification of a number of structural rearrangements, which have not been
reported before. Inversions in the LSC region were detected in several Paphiopedilum
spp., ranging in size between 3177 bp to 28737 bp. These inversions were fully supported
by read mapping against the newly assembled chloroplast genomes. Such inversions in
Paphiopedilum spp. were first discovered in this study despite the fact that a few
chloroplast genomes of the same genus have been published (Kim et al. 2015), possibly
because these were based on mapping reads against a reference genome and not on a de
novo assembly. Despite the fact that the chloroplast genome has been reported to be well
conserved in terms of structure and contents, structural rearrangements in the LSC region
have been found in various plant species For example, Trachelium caeruleum

(Campanulaceae) and Helianthus annuus (Asteraceae) (Wu et al. 2011), Vaccinium
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macrocarpon (Ericaceae) (Fajardo et al. 2013), and Lactuca sativa (Asteraceae) (Timme et
al. 2007) were shown to have large inversions in the LSC region. It has been proposed that
intramolecular recombination plays an important role in sequence rearrangement in the
chloroplast genome (Ogihara et al. 1988; Ravi et al. 2008). Such sequence rearrangements
that alter chloroplast genome structures in related species could provide useful
phylogenetic markers for molecular classsification and evolutionary studies because they
are readily polarized and lack homoplasy (Olmstead and Palmer 1994; Rokas and Holland
2000; Cosner et al. 2004).

In addition to the inversions we also discovered that the IR boundaries in the chloroplast
genome of Paphiopedilum spp. have expanded compared with chloroplast genome of
tobacco. IR boundaries among angiosperms are known to be dynamic and the IR may
expand or contract (Chumley et al. 2006). In the case of most Paphiopedilum chloroplast
genomes characterized here, the IRs have expanded into the whole SSC region resulting in
a total loss of the SSC region. The SSC region of Paphiopedilum spp. ranged from 8,111
to 11,178 bp. Thus, the IRs expanded outside the normal size for angiosperms, where IRs
range from 20-25 kb (Palmer et al. 1987). While most shifts in the IR boundaries that have
been reported are small, others may encompass several kilobases (Zhu et al. 2015). Large
IR expansions have been reported, such as an expansion of 12 kb in Nicotiana acuminata
(Solanaceae) (Goulding et al. 1996), 11.5 kb in Berberidaceae (Kim and Jansen 1994) and
11 kb in Lobelia thuliniana (Campanulaceae) (Knox and Palmer 1999), and 50kb in
Pelargonium x hortorum (Geraniaceae) (Guisinger & al. 2011). Martin et al. (2013)
reported the expansion at the IR/SSC junction of the Musa acuminata (Musaceae)
chloroplast genome, which was the largest observed in monocot IRs. Two additional genes
(rps15 and ndhH) plus the full sequence of ycfl and 1030 bp of the ndhA gene were moved
into the IR when compared to the IR structure of Amborella trichopoda (Amborellaceae).
Expansions/contractions of the IR are probably mediated by intra-molecular recombination
between two short direct repeat sequences that frequently occur within the genes located at
the borders (Ravi et al. 2008). Goulding et al. (1996) proposed two distinct mechanisms
for IR junction evolution: (a) gene conversion for the small stretches and (b)

recombinational repair of double strand breaks for incorporation of large chunks of single
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copy regions within the IR. The latter mechanism would operate rarely; whereas the
former would be a continuous and random process maintaining the IR structure as a whole,
but see Zhu et al. (2015). One possible scenario for Paphiopedilum spp. is that the loss of
ndh genes has led to additional structural rearrangements. The loss of the ndhF gene was
recently found to be correlated with instability of the IR/SSC junction in Orchidaceae
(Kim et al. 2015). They observed in the ndhF-lacking orchid lineages that the IR/SSC

boundaries were severely complicated, usually resulting in an IR expansion.

We confirmed that all 11 ndh genes were lost or pseudogenized in all sequenced
Paphiopedilum spp. This result was comparable with a recent study of various orchid
lineages including Epidendroideae, Orchidoideae, Cypripedioideae and Apostasioideae
(Kim et al. 2015). In their study, they resolved deeper level phylogenetic relationships
among major orchid groups and refined the history of gene loss in ndh loci across the
orchid family. We also saw a variable pattern of gene loss among Paphiopedilum spp. by
observing ndh gene/pseudogene length variation that supported the hypothesis of Kim et
al. (2015) that ndh genes were present in common ancestors of orchids,but have undergone

independent and significant losses at least eight times across four subfamilies.

Phylogenetic relationships within Paphiopedilum

In the present study, we used chloroplast genomic data to elucidate the evolutionary
history of the genus Paphiopedilum with a main focus on the division of subgenus
Paphiopedilum into sections. The sequence data were analysed in four sets, which were
expected to evolve at a different evolutionary speed: the long single copy, the short single
copy, the inverted repeat, the protein-coding sequences and the non-coding sequences. Our
phylogenetic analyses are congruent with each other, and they also showed general
congruence with previous studies (Albert 1994; Cox et al. 1997; Cribb 1998; Chochai et al.
2012; Guo et al. 2015) using morphological and molecular data. The trees from all four
datasets indicate that the genus is monophyletic and differs extensively from
Phragmipedium, which we used as outgroup. Our results also confirm that subgenus

Parvisepalum is the first branch in the Paphiopedilum genus, followed by subgenera
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Brachypetalum and Paphiopedilum. Subgenus Brachypetalum formed a sister relationship
to subgenus Paphiopedilum with 100% bootstrap support.

At lower taxonomic levels, the phylogenetic trees derived from our chloroplast genomic
sequences confirmed that subgenus Paphiopedilum can be divided into two lineages. In the
morphological classification of Cribb (1998) these two lineages were characterized by one
inflorescence character into a multi-flowered lineage and a single-flowered lineage. This
was confirmed by recent studies using molecular sequences such as chloroplast and low
copy nuclear genes (Chochai et al. 2012; Guo et al. 2015). In our study, all phylogenetic
trees derived from subsets of chloroplast sequences were congruent with this classification.
The multi-flowered lineage consists of species from sections Coryopedilum,
Pardalopetalum and Cochlopetalum, whereas the single-flowered lineage includes species
from sections Barbatum and Paphiopedilum. Only the phylogenetic tree derived from
nuclear ITS sequences (Cox et al. 1997) appeared to place multi-flowered and single-
flowered species in the same clade.

Within the first lineage, the results from our study strongly support all sections in subgenus
Paphiopedilum (100% bootstrap values in all subsets of sequence data). Section
Coryopedilum was discovered to be sister to section Pardalopetalum, whereas the species
from this section formed a polytomy to the monophyletic section Pardalopetalum.
Previously, Cox et al. (1997) proposed to combine these sections based on a phylogenetic
tree based on nrITS data, but this suggestion was rejected by Cribb (1998). From his
observations of floral morphology, species of section Coryopedilum can be clearly
distinguished from species of section Pardalopetalum. Species of the Coryopedilum
section have long tapering and unreflexed petals and a convex staminode without a basal
protuberance and simple apex, whereas Pardalopetalum species have dorsal petals that are
reflexed at the base and an obcordate staminode with a basal protuberance and tridentate
apex (Chochai et al. 2012). In the phylogenetic trees derived from our chloroplast genome
sequences, species of section Pardalopetalum grouped together in one clade with high
bootstrap support (98-100 BP). Species of section Pardalopetalum occur throughout

mainland South East Asia and in the Malay Archipelago to Sulawesi and the Philippines,
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whereas species of section Coryopedilum are limited to the Malaysian islands and endemic
to a single island only (Cribb 1998).

Although section Pardalopetalum is a well-supported unit, section Coryopedilum may not
be monophyletic based on our results. This is consistent with previous studies conducted
using four chloroplast regions and the nuclear genome ITS region (Chochai et al. 2012).
Chochai et al. (2012) suggested that section Coryopedilum lacks sufficient molecular
divergence to support monophyly of this section, possibly due to its selfing mode of
reproduction. Chochai et al. (2012) further explained that the selfing mode of reproduction
was the result of geitonogamy and that the species of section Coryopedilum, which are
endemic to single Malaysian islands, are more prone to be geitonogamous. Including more
variable regions such as low copy nuclear regions would possibly help in obtaining a
clearer pattern. Guo et al. (2015) constructed phylogenetic trees based on eight chloroplast
sequences and four unlinked low copy nuclear genes with more taxa sampled. Despite
using more samples and more sequence information, the question of monophyly of section
Coryopedilum remained unresolved. This is also what we observed in our study, with
fewer taxa but much more sequence information. It may be that a much denser sampling of
taxa is necessary, and this sampling would have to be based on the geographical

occurrence of the species as well.

Our current study successfully recovered section Cochlopetalum in phylogenetic trees
based on different sets of data (the protein coding, the non-coding and the LSC region),
with high to moderate (100 to 64) bootstrap values. The monophyly of this section was not
recovered in the tree from the two datasets (the SSC and the IR region) probably because
of insufficient molecular polymorphisms. Likewise, the monophyly of this section was not
attained in the trees using several loci of chloroplast sequences in previous studies
(Chochai et al. 2012; Guo et al. 2015).

The second lineage, morphologically characterized by single-flowered inflorescences
(Cribb 1998), includes species of sections Barbata and Paphiopedilum. The monophyly of

section Barbata was fully supported with 99-100 BP value in all datasets. We only

127



included three accessions for this section, so we cannot resolve the existing issue of many
internal branches collapsing into a polytomy, which may suggest a recent rapid radiation in
the section (Cox et al. 1997; Chochai et al. 2012) or reticulation. Section Paphiopedilum
was also resolved with 100 BP, consistent with the study of Chochai et al. (2012).
Morphologically, species of section Paphiopedilum exhibit different leaf morphologies and
chromosome numbers as compared with species of section Barbata (Cribb 1998; Cox et al.
1997).

Conclusions

Despite the general conservation of chloroplast genomes in most angiosperms,
characterization of chloroplast genomes from Paphiopedilum spp. showed that it is highly
rearranged in slipper orchids. The chloroplast genomes of Paphiopedilum spp. included in
this study exhibit several structural rearrangements such as inversion in the LSC region,
gene loss and duplication as well as IR expansion regardless of the limited number of
sampling. The chloroplast genome of Paphiopedilum has experienced extreme IR
expansion that included part of or the entire SSC region resulting in some of the larger IR
regions among the monocots. The unusual features of the complete chloroplast genome of
Paphiopedilum spp. as discovered in the current study make it an ideal genus in which to

study chloroplast evolution in more detail.
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Appendix 1

The figure shows the example visual assembly comparisons made using the perl script.
Tracks associated with original assembly are plotted along the x-axis while the tracks
associated with the edited assembly are plotted along the y-axis, with a mummer-plot
linking the two assemblies shown between these tracks. The order of the region in the
original assembly is LSC-IR-SSC-IR while in the edited assembly it is LSC-IR-SSC.

In the mummer-plot a yellow background denotes areas with paired-end coverage of less
than 10% of the average, while green and red line segments represent homologous
sequence fragments found in either the same or opposite orientation in both assemblies
respectively. Above the mummer area and the right hand side are 5 tracks showing
coverage with respect to the assembly. The tracks shown in figure are:

a) cyan: coverage by pseudo-single end fragments resulting from pre-overlapping
read-

pairs (truncated at max coverage 200)

b) green: coverage by properly mapped paired end fragments (truncated at max
coverage 200)

c) blue: coverage by single reads of pairs where the other read could NOT be
placed (truncated at max coverage 100)

d) red: coverage by discordantly mapped paired end fragments (truncated at

max coverage 100) - i.e. read-pairs mapping "--> -->", "<-- <--"or "<-- -->"
€) magenta: coverage by mapped paired end fragments (truncated at max coverage
100) where fragments link 2 scaffolds OR have an unusual insert size - i.e. "--><--"

or"-—> <"
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Chapter 6

General Discussion
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Next generation sequencing and the chloroplast genome

The study of plant molecular systematics has moved forward into the era of
sophisticated, multigene analyses and, hopefully, significantly greater confidence in the
inferences. This development was made possible by the development of fast and cheap
next generation sequencing (NGS) technology. In the last decade, next generation
sequencing technology platforms such as 454 Life Sciences” Genome Sequencer system
(Margulies et al. 2005) and Illumina Genome Analyzer (Metzker 2010) have
revolutionized plant phylogenetic research through increasing the size of data sets by
orders of magnitude. Currently, more data that are phylogenetic informative can be
obtained than ever before. It will be very interesting to see to what extent
phylogenetically complicated situations can now be resolved, and if so, what other
aspects need to be upgraded as well. For instance, more data (59 genes per taxon,
produced using an Illumina Hiseq) enabled Zeng et al. (2014) to resolve the topology of
the main clades in angiosperm evolution. Prum et al. (2015) combined a large set of
sequences (259 nuclear genes with a total length of almost 400 kb per taxon) with very
wide taxon coverage (198 species) to resolve the deep phylogeny of birds, but here the
improved resolution compared to earlier studies was not due to the depth of sequencing
but to the breadth of sampling (Thomas 2015).

In plants the chloroplast (plastid) genome is an invaluable resource for the study of
evolution at a range of taxonomic levels. Both 454 and Illumina sequencers have already
been successfully used to sequence chloroplast genomes (Wu et al. 2010; Zhang et al.
2011; J. Liu et al. 2012; Ma et al. 2014). The chloroplast genome is ideally suited for
high-throughput next-generation sequencing because of its high copy number per cell,
apparently highly conserved gene content and arrangement, and small size in
comparison to plant mitochondrial and nuclear genomes (Jansen et al. 2005; Moore et al.
2006). From the single gene-based analysis to infer the phylogeny of a broad sampling
of seed plant (Chase et al. 1993) to the now genome-scale phylogenetic analysis, this
circular genome has been a mainstay to study plant relationships. In the angiosperms,
various previously problematic deep-level relationships have recently been resolved, at
least largely (Xi et al. 2012; Henriquez et al. 2014; Huang et al. 2014; Ma et al. 2014;
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Yang et al. 2014; Carbonell-Caballero et al. 2015). The present study was conducted
with the goal to evaluate the potential and limitation of generating chloroplast genomes
for phylogenomic purposes from the huge amount of available sequences. The Illumina
sequencing platform is one of the most powerful tools in sequence data analysis. There
are several challenges associated with using the Illumina platform, which will be
discussed in the following section. Next, we addressed the opportunities to understand
the chloroplast evolutionary history as well as how this may affect lineage differentiation
and phylogenomic discordance in phylogenies based on chloroplast genomes. In
addition, as we employed de novo assembly rather than mapping against a reference
genome, the assemblies and the underlying read data also enabled studying structural

rearrangements in the chloroplast genome.

Next generation sequencing and the chloroplast genome; the challenges and
pitfall

i) Errors and biases

Compared to Sanger sequencing, next generation technologies have a higher error rate.
For instance, an Illumina Miseq paired-end sequencer produces errors at a rate of 0.1
substitutions per 100 bases sequenced (Loman et al. 2012). It is more susceptible to
single nucleotide substitution errors than to erroneous insertions and deletions. Besides
the errors that are inherent to the DNA sequencing platform, errors and biases can also
arise from steps in the sample preparation such as in DNA fragmentation, adapter
ligation, or selective amplification. Complications resulting from DNA sequencing
errors include false positive variant calls and the detection of sequence polymorphism in
regions of low sequence coverage, leading to incorrect interpretation of results. It is a
challenge to distinguish true sequence variation from sequencing errors. In order to
detect method-inherent errors and biases, a thorough characterization of NGS data is

required.

Evaluation of high-throughput data from Illumina revealed several properties associated
with the method of sequencing. One of the examples that we also observed within our

study was coverage variation. Coverage variation in the sequencing data may partly be
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due to the inherent bias of polymerase chain reaction (PCR) amplification during sample
preparation (Kozarewa et al. 2009). A study by Stein et al. (2010) suggested that it is
mainly caused by the formation of secondary structures in the single-stranded DNA.
Lower coverage of sequencing reads have been reported for AT-rich repetitive
sequences (Harismendy et al. 2009). Coverage and the variation therein are therefore
important quality criteria. Coverage variation was low for the tomato dataset used in
Chapter 4. In contrast, the Paphiopedilum data (Chapter 5), which were generated in two
Hiseq runs, one of which produced fewer paired-end reads per sample, had a much
larger variation in coverage (1.8 to 169 million reads), both within and among samples.
This may be partly due to a low quality of the DNA (especially for samples stored in

RNAlIater prior to DNA extraction) and the sequencing libraries made from them.

i) Assembly and reconstruction of the chloroplast genome

The advancements in next generation sequencing have accelerated the rapid sequencing
of complete chloroplast genomes. Du et al. (2015) reported that the use of next
generation sequencing technologies to obtain chloroplast sequences became predominant
from 2011 onwards, replacing laborious methods that included chloroplast DNA
extraction and long-range PCRs. Moreover, constructing complete chloroplasts from
non-enriched libraries or whole genome sequencing (WGS) without further isolation or
enrichment of cpDNA, became a popular strategy to obtain complete chloroplast
genomes. This is possible as 5-15% of the DNA extracted from plant cells may be
chloroplast DNA (depending on the type of tissue and the level of photosynthesis, and
the extraction protocol used). It was calculated that pea cells contain almost 10,000
chloroplasts per cell (Lamppa and Bendich 1979). Genome coverage is possibly a
significant issue when using such a strategy. For example, 7.5 to 15 GB data were used
to construct the complete chloroplast of Populus (Huang et al. 2014). This is because the
percentage of chloroplast reads in whole genome sequencing (WGS) data sets is not
constant but appeared to decrease when the nuclear genome size increases (Chapter 2).
Since the sequencing depth will be variable in DNA sequencing, the key value for
successful assemblies of chloroplast genomes is the sequencing depth of chloroplast

genomes rather than the overall sequencing depth. Complete chloroplast genomes were
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successfully assembled from data sets that have ~ 25x to 40x sequencing depth for the

chloroplast genome (this thesis and Sims et al. 2014).

The combination of using a k-mer frequency distribution to select chloroplast reads
followed by de novo assembly, as we used in this thesis, represents a reliable option to
assemble chloroplast genomes with structural rearrangements. Structural rearrangements
such as inversions, insertions or deletions, IR expansion or contraction or loss,
transpositions, and loss of genes have been reported in several species especially in
monocot chloroplast genomes including Acorus calamus (Goremykin et al. 2005),
Trachelium caeruleum (Haberle et al. 2008) and species of the Campanulaceae family
(Cosner et al. 2004). In Chapter 2, we observed several structural rearrangements in the
chloroplast genome in our de novo assembly of Paphiopedilum species, which had not
been reported before. Therefore, with regard to the genome structure it is unreliable to
assemble a chloroplast genome for a non-model species by aligning to a reference or
related chloroplast genome because the information on changes in the structure will be
ignored. Importantly, the resulting assembly may be incorrect but there is no information
to flag this. Hence, it is well possible that the occurrence of structural rearrangement in
chloroplasts genomes has systematically been underestimated (see also below), which
may lead to problems during the subsequent phylogenetic analysis (Graham et al. 2000;

Kelchner 2000) as well as to false SNP and INDEL calls in a purely mapping approach.

Our assembly pipeline requires paired end reads to further improve scaffolding. Chapters
2, 3, 4 and 5 showed that having paired end reads increases the effectiveness of these
assemblies. Paired end reads and pseudo-single end reads (i.e., constructed by merging
overlapping paired end reads into a pair) were also used to check any misassemblies by
mapping the reads back to the assembled genome. In principle such checks may also be
performed on assemblies based on mapping against a reference genome, but in that case
the reads from regions that were misassembled may not be mapped back but remain in
the ‘basket’ of unmapped reads, as would reads from regions that are entirely absent or

too much diverged from the reference genome.
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iii) Quiality control
While all advancements in next generation sequencing are beneficial for the field of
phylogenomics, there are several risks associated with huge amounts of data, some of
which are encountered in this thesis. One of the examples is quality control. Quality
control of WGS data is extremely important if WGS methods are to become part of a
routine approach to generate large datasets for phylogenomic studies. Although the
complete chloroplast genomes of many more species are available, most of them were
published as “draft” assemblies whose quality is uncertain. In our opinion, to produce an
accurate genome assembly and to correctly annotate them remains challenging. First,
this is due to the properties of short read sequences itself. It is a challenge to completely
assemble any genome whenever genomic sequences contain repeat sequences longer
than the read length, as the assembler program may introduce gaps or produce
misassemblies (Schatz et al. 2010; Ye et al. 2011; Treangen and Salzberg 2012). Third
generation sequencing technology (such as PacBio) is foreseen to alleviate some
limitations, as the reads are longer. However, researchers have been slow to adopt third
generation sequencing because of relatively high error rates along with much higher

costs.

Second, to determine which assembly is correct by comparing the quality of different
assemblies of the same data set is also not straightforward. Although several methods
have been proposed to assess the quality of a de novo assembly, none of them is broadly
accepted because each study used a different collection of metrics and validation
utilities, making it impossible to compare their respective results directly (Nagarajan and
Pop 2013). There is therefore a crucial need for the scientific community to enforce
standards of quality beyond nucleotide quality scores, that can be measured, and
maintain and propagate these quality measures through downstream analyses and
consistently store them in databases. Besides the aspect of disclosure of quality measures
in final results, tools to evaluate and especially compare assemblies in detail are useful
during assembly, and mapping back the sequence reads to different assembly variants
they produce can provide useful insights (Chapter 3). In Chapter 3, we have created a

flexible assembly quality comparison tool to address this issue. This tool combines and
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visualizes read mapping and alignment results in a 2-dimensional plot without breaking
any sequence connectivity. We have evaluated the ability of this tool using the de novo
assemblies of Solanum lycopersicon (tomato) and Paphiopedium henryanum (orchid)
chloroplasts obtained from Whole Genome Shotgun (WGS) Illumina short read

sequencing datasets in combination with specifically made alternative assemblies.

iv) Chloroplast annotation
After the chloroplast genome has been assembled, accurate annotation of genome
features such as genes coding for proteins, tRNAs as well as rRNAs need to be carried
out before additional analyses can be made. Annotation of chloroplast genome is
commonly performed using the Dual Organellar Genome Annotator (DOGMA)
(Wyman et al. 2004), a web-based annotation tool that utilizes BLASTX and BLASTN
of a chloroplast database. However, DOGMA is written so that the user chooses the start
and stop codon for all genes and this requires manual inspection/curation for
determining gene and intron/exon boundaries. Manual inspection/curation steps can be
tedious and time consuming (Wyman et al. 2004). Therefore, this may easily become a
bottleneck for bench scientists who want to correctly employ an abundance of
chloroplast genome sequences. Therefore, within this study, we used another platform of
chloroplast annotation that offers a semi-automatic and complete annotation of a
chloroplast genome sequence. This web server, called CPGAVAS, includes the genome
visualisation, editing and analysis of the annotation results (Liu et al. 2012). The
CPGAVAS server uses a complete chloroplast genome sequence as input and output of
the annotation results is in GFF3 format. Similarly to DOGMA but with additional
functionalities, CPGAVAS integrates results from BLASTX, BLASTN, protein2genome
and est2genome databases. The server also includes tRNAscan for tRNA genes and
inverted repeats (IR) identification, calculates the summary statistics for the annotated
genome, generates circular maps and extracts protein and mRNA sequences for a given
list of genes and species. In case one has too many chloroplast genomes to be annotated
in this way, we suggest using the Geneious software annotation program (Chapter 4 and
5). This software can transfer genome annotations on the basis of high sequence

similarity.
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The recently developed tools that we described above have been a great help in
extracting the information from the chloroplast genomes we have assembled. Although
in some cases it may not be so ideal we still could, with modest bioinformatics, extract
different subsets of chloroplast sequences, and compare the phylogenetic information in
them. This is similar to the strategy used by previous chloroplast phylogenomic studies
including those in the Bamboo tribe (Ma et al. 2014), ginkgo (Wu et al. 2013) and the
Araceae family (Henriquez et al. 2014).

Evolution of chloroplast genome: structure and genetics
i Structural rearrangements in chloroplast genome

The chloroplast genome can be characterized by its quadripartite structure: two inverted
repeats (IRs) separated by a long single copy region (LSC) and a small single copy
region (SSC). The organization of the chloroplast genome is highly conserved over
long evolutionary time scales. The arrival of NGS has significantly increased the
number of complete chloroplast genomes available, creating the opportunity for
comparative studies that led to new insights into the evolutionary history of
chloroplasts in angiosperms (Jansen et al. 2007; Doorduin et al. 2011). Consistent with
the presumed conserved nature of the chloroplast genome among angiosperms only a
relatively small number of structural rearrangements have been reported. However, for
some plant lineages large-scale structural rearrangements, gene loss and duplication
events have been reported (Cosner et al. 1997; Cosner et al. 2004; Chumley et al.
20064a; Blazier et al. 2011; Dugas et al. 2015). Other comparative studies of chloroplast
genomes did reveal changes of these regions including partial and complete loss of one
IR copy (Chumley et al. 2006b), localized gene losses (Magee et al. 2010), a high
number of dispersed repeats (Cai et al. 2008), and elevated rates of molecular evolution
(Guisinger et al. 2008). This is an apparent contradiction, unless we assume that many
structural arrangements have been overseen due to the habit of assembling against a
reference genome. Structural rearrangements in chloroplast genomes result from
intramolecular recombination events that may generate genetic diversity that is useful

for molecular classification and evolution studies. The identification of the structural
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rearrangements within this study was possible as we used de novo assembly for the
chloroplast genomes. Examples of structural rearrangements that we discovered within
this study include inversions, gene loss, gene duplication and the expansion of the IR

region.

The first structural rearrangement that was identified was an inversion. Inversions have
been reported occasionally, and they are associated with chloroplast gene order changes
(Chumley et al. 2006b). Large inversions of 22.8 kb in Asteraceae (Jansen and Palmer
1987; Kim et al. 2005), 54 kb in Oenothera (Hachtel et al. 1991; Hupfer et al. 2008)
and 50 kb in Fabaceae (Palmer et al. 1988; Doyle et al. 1996) have been previously
reported. In Chapter 2, the inversion in the LSC region of the Aegilops tauschii
chloroplast genome that was reported before was confirmed, and similar inversions in
the LSC region were discovered in several Paphiopedilum spp. in Chapter 5.
Furthermore, it was proven that the inversions found were genuine events by mapping
the raw reads back to the newly assembled genome. In some instances, however, read
coverage across the junctions between inversions is scant, and additional confirmation,

for instance through PCR, is required.

Another structural rearrangement is the loss of ndh genes. The chloroplast genome
usually encodes eleven chloroplast ndh genes (ndhA-ndhK) (Kim et al. 2015). The loss
of the ndh gene complex from the chloroplast genome is not common in photosynthetic
plants, as it has only been reported for Gnetales (McCoy et al. 2008; Wu et al. 2009),
Pinaceae (Wakasugi et al. 1994; Cronn et al. 2008) and a large clade within the
Orchidaceae (Neyland and Urbatsch 1996; Chang et al. 2006; Wu et al. 2010; Kim et
al. 2015). In Chapter 5, chloroplast genomes of 32 Paphiopedilum spp. were generated
and they all lack 11 intact ndh genes. The ndh genes from 32 Paphiopedilum spp. were
either lost completely or pseudogenized by multiple stop codons and frameshifts, or
short INDELSs throughout their sequences. These results confirmed the ndh gene loss in
Paphiopedilum and six other orchid lineages that had been recently described by Kim
et al. (2015). Several other studies involving orchid chloroplast genomes belonging to

the subfamily Epidendroideae including Phalaenopsis (Chang et al. 2006), Oncidium
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(Wu et al. 2010), Erycina (Pan et al. 2012) and Cymbidium (Yang et al. 2013)
demonstrated the loss of intact genes for all ndh genes. Among these orchids, only
ndhB of Oncidium “Grower Ramsey” and ndhE, J and C of Cymbidium encoded

functional ndh proteins.

Other deviations from the ‘conserved’ structure of the chloroplast genome detected in
this study were typically the result of IR boundaries shifts. The IR boundaries are
simply the points at which the single copy region in the chloroplast genome ends and
the inverted repeat region starts, or vice versa, and shifts in the IR boundaries are
usually in the form of expansions and contractions. In Chapter 4, a small IR expansion
into the LSC region was observed, resulting in various lengths of partial duplication of
the rps19 gene in several tomato accessions. Additionally, a large IR expansion was
present in our sample of Paphiopedilum species (Chapter 5). In that chapter large IR
expansions (8 kb to 11 kb) were detected concomitant to the shift of IR boundaries into
the SSC region of Paphiopedilum species. Previously, large expansions into the SSC
have been reported in some groups of plants such as in Gramineae (Hiratsuka et al.
1989; Maier et al. 1995), buckwheat species (Kishima et al. 1995), Trachelium (Cosner
et al. 1997), and Lobelia thuliniana (Knox and Palmer 1999). It has been proposed that
the large expansions of the IR observed in some groups may have been caused by
double-strand DNA breaks and subsequent repair, which is different from the ordinary

gene conversion mechanism (Goulding et al. 1996).

ii. Positive selection in the chloroplast genome
Genes in the chloroplast genome are shaped by the selective pressure to maintain the
fundamental cellular functions during evolution. In Chapter 4 incongruences between
phylogenies of protein coding data compared to those of non-coding data were observed.
Positive selection can be one of the causes of this incongruence. Positive selection or
variants that increase in frequency until they become fixed in the population (or, in this
case, a species) are difficult to detect and analyse because neutral and deleterious
mutations predominate in frequency (Ravi et al. 2008). In addition to positive selection,

several coding regions have been shown to accumulate a higher number of variants. In
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tomato three specific genes (ycfl, ndhF and ndhH) each accumulated more than 10
mutations in their coding region. These genes may function as general hotspots of
natural genetic variation in tomato and it may be possible that several alleles are
maintained under selective pressure because they provide some advantage (Carbonell-
Caballero et al. 2015).

The chloroplast genome in plant phylogenetics

It is a challenge to obtain accurate phylogenies and effective species discrimination
when using single or several chloroplast genes, because they contain few informative
characters. This is even worse in evolutionary young lineages (Ruhsam et al. 2015). The
application of WGS facilitates the reconstruction of complete genomes, and this in turn
has made it possible to obtain dozens of polymorphic characters for molecular
phylogenetic studies in plants, even among closely related ones. This can be observed by
the number of studies applying phylogenomic approaches to WGS-generated chloroplast
data (Zou et al. 2008; Sanderson et al. 2010; Capella-Gutierrez et al. 2014; Davis et al.
2014; Ma et al. 2014).

The use of nearly complete or complete chloroplast genomes results in complex data
sets, and this may potentially increase sources of phylogenetic error (Philippe et al.
2005). There are two types of phylogenetic error: the stochastic error and the systematic
error. The stochastic error or sampling error is caused by mechanisms such as gene
duplication, horizontal gene transfer or lineage sorting (Rokas et al. 2003; Martin et al.
2005; Jeffroy et al. 2006; Zou et al. 2008). In contrast to the stochastic error, which
decreases as the quantity of data increases, the systematic error may increase with data
quantity because adequate modelling becomes increasingly difficult (Philippe et al.
2005; Kumar et al. 2012).

The use of the complete chloroplast genomes was evaluated to see if this increased
species discrimination and phylogenetic resolution in a set of closely related tomato
species (Chapter 4). Overall, the phylogenetic tree based on complete chloroplast

genomes recovered the same clades as those that were previously defined by Peralta et
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al. (2008). Tomato species from section Lycopersicon, section Junglandifolia, and
section Lycopersicoides were grouped using a combination of recent morphological and
molecular data from previous studies (Peralta et al. 2008). However, although the
relationships among these clades were well resolved, several discrepancies in the
placement of individual taxa were observed when comparing with nuclear phylogenies.
Those samples might be the result of hybridization or have introgression events in their
ancestry. Another explanation for the observed non-monophyly of the tomato
chloroplast genome is the young evolutionary age of the tomato clade. Results of
Sérkinen et al. (2013) suggest that the split between tomato (Solanum section
Lycopersicon) and potato (Solanum section Petota) was only around 8 Million years ago
(Mya). This may have been insufficient time for species-specific mutations to
accumulate or /and for complete sorting of ancestral polymorphism. Indeed, few variable
sites (211) were detected that were informative among protein coding genes in the
tomato chloroplast genome. In contrast, in a protein coding sequence dataset of 32
Paphiopedilum spp, which was dated back to 22.2+5.9 Mya (oldest age) (Guo et al.
2012) 1491 variable sites were detected that were informative. This supports the notion
that low substitution rates contributed to a lack of complete monophyly of the important
nodes in tomato species. Indeed, only few studies used whole chloroplast genomes to
infer phylogenetic relationship at the intraspecific level among closely related species.
For example, Bayly et al. (2013) demonstrated that this approach was useful to resolve
phylogenetic relationships among eucalypt genera but not among closely related

Eucalyptus species.

Genome-scale data and taxon sampling

Chloroplast-based phylogenies of recently diverged taxa were expected to yield limited
sequence variation especially at low taxonomy levels species (example: Chapter 4 and
Chapter 5). In general, both genome-scale data and dense taxon sampling may improve
phylogenetic estimation by providing more data. In the past, molecular phylogenetic
analyses were often hindered by DNA sequencing costs, which forced researchers to
choose between dense taxon sampling with a small number of informative loci and

wider sampling of the genome in a lower number of taxa. In studies that focus on
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recently diverged taxa, taxon sampling needs to be sufficiently broad to detect
interspecific variation and the phylogenetic depth of shared alleles (Whitfield and
Lockhart 2007).

In Chapter 4, the difference in phylogeny resolution of a multilocus matrix (72,807 bp)
and highly informative single loci (5738 bp) was highlighted using the same number of
tomato taxa. The topologies of both phylogenies did not indicate a significant conflict
but the single loci phylogeny suffered from lack of resolution. Similarly, the
phylogenetic tree of Paphiopedilum spp. based on genome-scale data of chloroplast
sequences (Chapter 5) was similar to the phylogenetic tree that was based on only eight
chloroplast regions (Guo et al. 2015). Although in the study of Guo et al. (2015), that
included a wider taxon sampling, the resolutions appeared better compared to the limited
sampling taxon coverage in Chapter 5, the general relationships of species were in
agreement. This suggests that the resolution of chloroplast-based infrageneric
phylogenies does benefit from an increase of the data matrix length. However, it does
not prove that a complete assembly is necessary, as we could also extract and use
multiple genes from the NGS data. The complete assembly is useful if structural
rearrangements can be uncovered that may be used as additional phylogenetic

characters.

Research outlooks
i. K-mer selection for de novo assembly of chloroplast genome

Phylogenomics is a field of comparative biology that uses genomic data to infer
relationships among organisms (Chan and Ragan 2013). Within this thesis, chloroplast
phylogenomics was conducted using complete chloroplast DNA genomes obtained by a
newly developed method of de novo assembly. The method was not only cost-effective
but also has the potential to extract a wealth of useful information of thousands of
chloroplast genomes from WGS data. This information is hidden in next generation
datasets of whole genomic DNA, which often contains 5-15% chloroplast-derived reads.
They can be identified based on their k-mer distribution, which shows two distinct

peaks, one at the copy number of the chloroplasts in the cell and one at the double copy
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number (for the reads from the inverted repeat). After extraction from the complete
dataset, the pipeline developed in Chapter 2 can easily de novo assemble the chloroplast
genome. In Chapter 2 and 5, it was demonstrated that this newly developed pipeline is
able to discover structural rearrangements in the chloroplast genome. These structural
rearrangements may be ignored or missed if the chloroplast genome would be assembled
by alignment to a reference or related chloroplast genome (Chapter 3). Structural
rearrangements or changes in chloroplast genome composition may have significant
phylogenetic implications. Furthermore, the availability of genome-scale data of
chloroplast sequences is a way for improving the resolution in phylogenetic studies. The
chloroplast-based phylogenies reported in this study form a solid basis for future studies
aimed to understand evolutionary relationships at low taxonomic levels. In doing so, the
assembly pipeline may also mitigate the current reliance of relatively short sequences in
phylogenetic research (Parks et al. 2009), such as in species identification, comparative

studies as well as development in phylogenetic methods.

ii. Re-evaluation and discovery of molecular markers for phylogenetic
analyses

The use of chloroplast molecular markers for phylogenetic analyses has significantly
helped researchers in early years. However, most chloroplast molecular markers were
identified before entire genomes were available, and they were selected for the
possibility to be amplified using conserved primers flanking the genes or gene spacers,
and the possibility to align the resulting sequences unequivocally. With the increasing
number of complete chloroplast genomes available, it is time to re-evaluate the
variability of chloroplast regions at low taxonomic levels. It was reported that many
plant species evolved via adaptive radiations and possess only a few million years of
evolutionary histories (Dong et al. 2012). The short evolutionary histories resulted in
low sequence divergence. In order to resolve phylogenetic problems at the species level,
we need to identify regions that have high evolutionary rates. The availability of
complete chloroplast genomes as constructed within this study may increase our ability
to resolve such identification problems. Furthermore, it also allows the discovery of new

molecular markers that cannot be easily amplified by PCR but that can easily be
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extracted from WGS data, optionally in the form of complete chloroplast genomes, and

that are superior in information content.

iii. The chloroplast genome as a new way for species identification

DNA barcoding is one of the techniques used for species identification that are useful in
plant biodiversity research. This technique uses particular DNA sequences to
characterize the identity plant organisms by comparing it to a database of barcode
sequences from various taxa (Hebert et al. 2003). A DNA barcode is a segment of DNA
sequence that is sufficiently variable to be able to distinguish even closely related
species. On top of that, the sequences flanking the barcode should be sufficiently
conserved to facilitate amplification by PCR. Although the cytochrome ¢ oxidase 1
(CO1) sequence has been developed as a universal barcode in animals, neither a single
locus nor a single set of multilocus barcodes have been found that could efficiently
discriminate plant species, due to lack of variation (Fazekas et al. 2008; Kress and
Erickson 2008; CBOL Plant Working Group 2009; Chase and Fay 2009) in various
organellar regions that could consistently be amplified across taxa. This has led several
studies to propose the use of the whole chloroplast genome for species identification
between closely related species (Parks et al. 2009; Nock et al. 2011), populations
(Doorduin et al. 2011) and individuals (Kane et al. 2012; McPherson et al. 2013).
Species identification using the whole chloroplast genome as a marker would make
sequence variation in the genome accessible in regions that could not easily be amplified
across species with conserved PCR primers (Huang et al. 2005) and would be more
efficient in detecting gene loss and defining gene order than traditional DNA barcoding
(Luo et al. 2008; Luo et al. 2009). However, to reconstruct the chloroplast genome for a
number of taxa used to be costly. We anticipate that this limitation can be resolved using
the pipeline in this thesis, and that it will lead to providing many more complete
chloroplast genomes from total DNA shotgun sequences. Reconstruction of the whole
chloroplast genome from WGS data is not only cost-effective but also less resource-
intensive compared to other traditional methods such as obtaining it from purified
chloroplast DNA (McPherson et al. 2013).
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iv. Phylogenetic utility of structural rearrangement
Through comparative studies several structural rearrangements of the chloroplast
genome such as inversion, gene or intron loss, loss of IRs and IR
expansions/contractions have been found in certain plant lineages. The assembly method
presented in this study (Chapter 2) and the examples of the structural rearrangements
detected (Chapter 5) offer the possibility to use structural rearrangement data as
informative characters in phylogenetic studies. Structural rearrangements data in
chloroplast genomes are encountered more rarely than nucleotide mutations and they are
considered to have less homoplasy (Rokas and Holland 2000). Although not all
structural rearrangements are well understood, these characteristics can make a profound
phylogenetic statement. For example, large inversions have been suggested to be
extremely useful markers in phylogenetic inference (Doyle et al. 1996; Cosner et al.
1997; Perry et al. 2002; Timme et al. 2007). On the other hand, (Rokas and Holland
2000) expressed concern about the use of structural rearrangement data in phylogenetic
studies as they lack statistical evaluation. They also said that such development is
hampered by our limited understanding of the mechanism(s) causing the variation,
which is important knowledge to be able to estimate the rate of production, character
independence, mutational biases and reversibility of structural rearrangements. The only
way to deal with such criticism is to generate sufficient information on structural
arrangements, their types and frequency of occurrence across various taxonomic groups,
in order to evaluate their characteristics. The de novo assembly and quality check
procedures developed in this thesis will enable doing just that for the large amount of

NGS data currently produced.

v.  Alignments or Assembly-free phylogenetic analyses
Traditional sequence comparison using multi-sequence alignment (MSA) is often
frustrated by the limitations of this method, including the necessity to manually adjust
alignments, the fundamental problems in accuracy when arbitrary choices must be made,
and their computational efficiency. The increasing availability of genome information
has created a demand for alternative algorithms for fast and accurate phylogenetic

inferences. Motivated to overcome the limitations of MSA, several alignment-free
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methods have been proposed. Briefly, distances between pairwise organisms can be
calculated using word frequency (reviewed by Bonham-Carter et al. 2013) , information
theory (Li et al. 2001; Li and Vitaanyi 2009), average common length (Otu and Sayood
2003) and other methods. However, these alignment-free methods have their own
problems. For instance, distances computed from information theory or word frequency
do not usually have a biological definition and they are rarely linear with evolutionary
time. As a matter of choice, one should consider what is the best alignment-free method
that is suitable for one’s own datasets and the desired end result from the phylogenetic

analysis, but good comparions and evaluations of these methods are still missing.

In this thesis, basically an alignment-free method to extract chloroplast reads based on
word frequency (Chapter 2) was used, the words being of arbitrary length k and
therefore termed k-mer. Subsequently, the genomes were assembled, coding and non-
coding regions were extracted, and comparions were made based on sequence
alignments. Direct comparisons of the frequency of bits of sequence would certainly
speed up this process, but it remains to be seen whether it would generate a similar level
of information. Most certainly any information on larger structural variation would be

lost.

In general, alignment-free methods are considered potentially attractive for
phylogenomics because of the simplicity of their algorithms and the easier and faster
computations, which require less resources and less time. As an interesting example, Yi
and Jin (2013) proposed the Co-phylog approach specifically to take advantage of
unassembled WGS data. This assembly-free approach creates micro-alignments,
calculates pairwise distances, and then reconstructs the phylogenetic tree based on these
distances. From a previous study, the approach was demostrated to be an efficient
algorithm resulting in a high resolution and accurate phylogenic trees of several genera,
especially for closely related organisms (Yi and Jin 2013). In their study they
demonstrated that the phylogenic tree constructed using simulated and real NGS datasets
with the Co-phylog approach was comparable to the benchmark tree produce by a

traditional alignment-based method. However, the Co-phylog method did not perform as
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well on distant organisms. It remains to be seen whether these methods can be extended
to other genomes, but in terms of size (Escherichia coli and related taxa are 4-5 Mb) the
plant chloroplast genomes would fall in the range in which such methods may perform

adequately.

Conclusions

Overall, the application of WGS data offers opportunities to use partial or entire
chloroplast genomes for phylogenetic studies. Species discrimination will be achieved
already with partial data (subsets of genes), but the power will still be insufficient for
evolutionarily young lineages, which may require more informative characters.
Therefore, it is expected that the number of complete chloroplast genomes that become
available, will increase in the years to come. While generating these genomes, the urge
for de novo assembly of chloroplast genomes rather than mapping against reference
genomes is adamant in order to also uncover structural rearrangements in chloroplast
genome. Here, tools have been developed to perform such de novo assemblies, and
important considerations discussed when using chloroplast genomes for phylogenetic
analyses. Thus, | believe this thesis may fill an important gap towards producing robust

and accurate chloroplast-based phylogenetic trees.
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Summary

DNA sequences play a key role in modern molecular phylogenetic analyses. The
structure and function of the DNA sequences and how they change over time are used to
infer evolutionary relationships. Phylogenetic studies in plants mostly employ a number
of chloroplast DNA sequences along with a few sequences of the nuclear genome, such
as the internal transcribed spacer (ITS). The chloroplast genome has been shown to
provide a wealth of information on molecular variation for phylogenetic studies, but
rarely the whole genome has been used, as up to recently it was very laborious to
generate full genomes of chloroplasts. Whole Genome Shotgun (WGS) sequences of
plant species often contain 5-15% of sequence reads that are derived from the
chloroplast genome, which is many times more than needed for the assembly of the
chloroplast genome. In this thesis | have developed a method to extract the chloroplast
reads from WGS datasets and to generate the complete chloroplast genome sequence,
and explored how complete chloroplast genomes could provide comprehensive data sets

that are superior for inferring relationships in several plant lineages.

Chapter 2 describes how de novo assemblies of chloroplast genomes of Solanum
lycopersicum, Aegilops tauschii and Paphiopedilum heryanum were performed based on
whole genome sequencing data. In this study, we used k-mer frequency tables to identify
and extract the chloroplast reads from the WGS reads and assemble these using a highly
integrated and automated custom pipeline for de novo assembly. This pipeline includes
steps aimed at optimizing assemblies and filling gaps due to coverage variation in the
WGS dataset. | used it to de novo assemble three complete chloroplast genomes from
plant species with a 40-fold range of nuclear genome size to demonstrate the universality
of our approach. This new and cost-effective method for de novo short read assembly
may facilitate the study of complete chloroplast genomes with more accurate analyses

and inferences, especially in non-model plant genomes.

The method developed is also suitable for studying structural variation in the chloroplast

genome, as opposed to the common procedure of read mapping against a reference
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genome. However, to support the putative rearrangements that were in the output of the
assembly, a method had to be developed to visualise the support for the rearrangement in
comparison to other regions in the chloroplast genome, and in contrast to a reference

genome without rearrangements. This method was described in Chapter 3.

In order to explore and evaluate chloroplast phylogenomics, or phylogenetic analyses
based on complete chloroplast genomes, the available WGS data of various species
within the section Lycopersicon (from the Tomato Genome Sequencing Consortium)
were used in Chapter 4 to assemble 84 tomato chloroplast genomes and generate
phylogenetic trees. These analyses revealed that next to the chloroplast regions and
spacers traditionally used for phylogenetics, various additional regions of protein coding
and non-coding DNA can be explored and exploited for intraspecific phylogenetic
studies. In particular, more than 50% of all phylogenetically relevant information could
be included by just using four genes (ycfl, ndhF, ndhA, and ndhH). Moreover, when one
would only use ycfl one would already use 34% of all information available in the
chloroplast genomes of the accessions used in this study. The topology of the
phylogenetic tree inferred from ycfl was the same as that of trees based on all other
protein coding genes, although with lower bootstrap values. Although we successfully
recovered major groups in the section, some topological incongruences for some taxa
were observed from the phylogenetic analyses of different sub-sections [protein coding,
noncoding, Single Copy (SC) and Inverted Repeats (IR)] of the chloroplast genomes.
Incongruences between chloroplast genome and nuclear genome derived phylogenies
suggest ancient hybridization events or incomplete lineage sorting (ILS) as the most

likely explanation.

The phylogenetic analyses in Chapter 5 based on 32 complete Paphiopedilum chloroplast
genomes confirmed that the genus Paphiopedilum is monophyletic, and that the division of
the genus into three subgenera Parvisepalum, Brachypetalum and Paphiopedilum is well
supported. The division of five sections of subgenus Paphiopedilum was also recovered.
The de novo assemblies revealed several structural rearrangements including gene loss and

inversion. In addition, the chloroplast genome of Paphiopedilum has experienced extreme
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IR expansion that has included part of or the entire SSC region, resulting in larger IR

regions than commonly observed among monocots.

In Chapter 6 the results produced in this thesis are summarized and placed into a
broader context. Several challenges associated with using the Illumina platform for
producing WGS sequences and the evolution of chloroplast genome structure and
genetics that were discovered within this thesis were discussed. Furthermore, I also
addressed the opportunities of the vast amounts of short reads produced nowadays to
understand the chloroplast evolutionary history as well as how this may affect lineage
differentiation and phylogenomic discordance in phylogenies based on chloroplast
genome sequences. Finally, | make a pledge for de novo assembly based on chloroplast-
derived reads rather than mapping against reference genomes, as this will most likely

uncover a much larger extent of structural variation than commonly assumed.
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