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Abstract

Chloroplasts are cytoplasmic organelles chiefly responsible for the photosynthesis. Their
genes have been used extensively during the past decades in phylogenetic analyses of various
photosynthetic eukaryotes, particularly plants. The genomic content of this organelle and its
very architecture can be used for a deeper insight in evolution and towards robust
phylogenetic hypotheses. Ever since this importance was recognized concurrently with the
advancements of methods in both providing a basic genetic material through sequencing and
advanced methods to analyze the data, we have witnessed the introduction of a couple of
thousands plastid genomes up to this date. This process, by no means is in its decline or even
stationary state, as this pace is projected to be accelerated in the coming years, with the
inevitable advances in our technologies and our need to understand the nature as accurately
as possible. The aim of this study as represented in the sequel chapters is twofold; 1) to
introduce the complete chloroplast genomes of two species from the euasterid clade and
provide their phylogenetic analyses; Solanum dulcamara L. as a native Old World diploid
member of the nightshade family, and Ambrosia trifida L. as a recognized invasive plant
originated and evolved from North America. 2) To provide two analytical tools for more
advanced treatment of the genetic information of plastids in bioinformatics. By comparative
analyses for bittersweet and giant ragweed, the result show that synteny and the genomic
content of both belonging to the families Solanaceae and Asteraceae, respectively, have a
conserved structure. We also noted that many submitted annotations in the nightshade family
are far from acceptable quality, and further on, we improved them with reannotation of the
existing sequences. On the other hand, a novel tool (IRscope) to detect and plot the Inverted
Repeat (IR) regions of the chloroplast genome was introduced. IRscope, with the help of
iterative search algorithm, allows the depiction of genes in the vicinity of the Junction Sites
(JS), of up to ten different chloroplast genomes of embryophytes (land plants). Moreover, we
constructed an online calculative suite (iMEC) to return the result of the seven different
molecular markers against the provided input file. This tool is useful particularly in studies
aimed to assess the efficiency of different marker systems linked to plastid genome variation.
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1. Introduction
“We cannot discover new lands, without consenting
to lose sight from the shore for a long time”
- André Gide
The diversity of life on our planet with almost nine million extant species, probably would
have not been possible without oxygen (Mora et al., 2011). The oxygenic photosynthesis in
cyanobacteria and the later developed aerobic respiration (ca. 2.3 billion years ago) as a
complex multicellular machinery are the phenomenal incidents tied with this historical
landmark (Soo et al., 2017). While there is evidence that anoxygenic photosynthesis emerged
not too long after the origin of life on Earth (Blankship, 2010), photosynthesis as we know it
today was an unprecedented event that led to the accumulation of oxygen and diversification
of life. Although much challenged with a set of different hypotheses about the origin and
exact placement of the engulfing event on the tree of life (Degan et al., 2013; Ponce-Toledo
et al., 2017; Sanchez-Baracaldo et al., 2017; Rodriguez-Ezpeletaet et al., 2005; Blank &
Sanchez-Baracaldo, 2010; Criscuolo et al., 2011; Uyeda et al., 2016), recent evidence indicate
that it took some million years for organellar photosynthesis to evolve from the so-called
primary endosymbionts about one billion years ago (Zhang et al., 2018 & Betts et al., 2018).
During this gradational process loss or translocation of the majority of the genes of the
endosymbionts to the host nuclear genome took place. But this transaction was not only in
one direction as the protein products of many of these genes were later to be reimported into
the plastids by the sophisticated apparatus called the TIC-TOC complex (translocon complex
of the inner and outer chloroplast membranes; Nakayama and Archibald, 2012).
Plastids, ubiquitously present in the various plants and algae (Whatley 1978; Keeling 2010),
are the light-harvesting organelles of photosynthetic eukaryotes and are believed to be derived
from once free-living cyanobacteria by a specific process of endosymbiosis (Lane and
Archibald, 2008). This process has been responsible for some of the most significant events
in evolution of eukaryotic cells. A great body of biochemical and molecular data hint that a
prokaryotic relative of extant cyanobacteria was engulfed and further retained in time by a
heterotrophic eukaryote (Deschamps et al., 2008). This progressively transformed into a
photosynthetic organelle of plants and various other eukaryotes. Integration of a prokaryotic
7

endosymbiont into the cellular machinery of a eukaryote, is a complicated process including
substantial modifications to the genetic makeup of both participating cells (Bhattacharya et
al., 2007). Virtually all known organelles originated through endosymbiosis entail only a
fraction of the genes as compared to their prokaryotic closest relatives. This indicates that the
majority of genes that were once essential to the free-living prokaryote (but obsolete in the
intracellular context), are either transferred to the host nucleus, or lost by the genomic
degradation. The length of plastid genomes is considerably less than genomes of most freeliving cyanobacteria (Stoebe and Kowallik, 1999). As the genetic capabilities of the
prokaryotic endosymbiont has diminished during the transition from a free-living cell to a
fully engulfed organelle, the host cell became a repertoire of genetic information through
endosymbiotic gene transfer (EGT; Martin et al., 2002). Many of the genes transferred to the
nucleus of the host cell acquire targeting signal capability, which enable their products to be
transported back to the plastid to perform vital functions (Bhattacharya et al., 2007). However,
transferred genes can also obtain novel functions in the eukaryotic cell, and sometimes even
replace the eukaryotic versions of the proteins they encode. It is a general consensus that in
Eukaryota, plastids evolved from cyanobacteria multiple times during the history of life
(Larkum et al., 2007; Stiller et al., 2003; & Archibald 2009). And this process was further
complicated with multiple different losses of parts to the nucleus and engulfing again in future
(Archibald, 2009). These intricate and multiple events in history of the plastids renders the
precise pinpointing of these timings in evolution a challenging task (Nozaki and Iseki, 2007;
Yoon et al., 2004, & Stiller 2007). Regarding he placement of the plastids in the extant
diversity of Cynobacteria, one hypothesis is postulating the ancient divergence (PonceToledo et al., 2017; Sanchez-Bracaldo et al., 2017; Criscuolo et al., 2011; & Li et al., 2013),
while the other postulates the relatively recent origin (Ochoa de Alda., 2014; Deschamp et al.,
2008; & Falcon et al., 2010) but after all, the factual placement of plastid on the cynobacterial
lineages is still unresolved.
The evolutionary forces albeit were not restricted in action at the molecular level. The
environment has had played an important role in diversifying or eliminating various
organismal lineages until to date. After all, we have now projected 300,000 plant species
(although argued to be higher by 10-20%, Joppa et al., 2010) alive that have survived the
estimated 99% extinction of all life through the history (Mora et al., 2011, Novacek and
Wheeler, 1992). While morphologically more than 85% of these plant species have been
described, our genomic knowledge about them is still sparse. After the first whole genome
reconstruction in 1995, we only have ~240 full genome sequences of the plants
(Archaeplastida; Chen et al., 2018). This value is nominal (comprising less than 0.1%) in
comparison to the total number of plant species. The complete plastid genomes of Eukaryota
sequenced today on the other hand, is 2,946 as of 08.01.2019, NCBI Organellar Genome
Database. The first plastid genome sequences are from 1986 when Nicotiana tabacum L. and
Marchantia polymorpha L. were sequenced (Ohyama et al, 1986; Shinozaki et al, 1986). This
8

precedence both in numbers and time of sequencing for plastid genomes can be due to the
small size of these organelle sequences ranging from 75-200 kbp1 across tree of life (Green,
2011); or the fact that the plastid genome is the most gene-rich of the three genomes in each
cell hence they can be a reliable source for evolutionary studies; or because its copy number
is the highest and its sequencing is the most cost effective (Wicke et al,. 2011); or, maybe
simply because of the essential role that this organelle plays in orchestrating the most intricate
and crucial function of plants, photosynthesis.
After all, ever since early sequencing methods, e.g., chain termination, technology has
matured to high-throughput sequencing like sequencing by synthesis (illumina) and single
molecule real time (SMRT) sequencing (PacBio), which has positively correlated with the
exponential increase in the number and the quality of the sequences (Hug et al, 2016). This
trend, projected to be maintained in the future, the challenge is to keep up with the invention
of sophisticated bioinformatics methods honed in deducing the untapped potential of this new
information. While diverse set of recommendations on how to scale our understanding with
respect to this data has been put forward (e.g. Tonti-Filippini et al., 2017), we seem not yet
fully prepared to capture this large flow of genomic data (Wicke and Schneeweiss, 2015).
Our respective shortcomings can be named as (Kiureghian & Ditlevsen, 2009); 1) the inability
of our tools to perform as credibly as they have expected or promised to (epistemic bias), and
2) the nonexistence of crucial methods and theoretical knowledge to reliably infer the latent
dependencies of intrinsic genomic complexity (aleatory bias).
As the first part of this study, we have presented two complete plastid genomes sequences
belonging to Solanaceae and Asteraceae. The studies of comparative analysis encompass all
the existing plastid sequences in these families. Analysis hence in totality enables us to
address the underlying biodiversity of the euasterids in higher resolution. On the other hand,
with invention of visualization and computational tools, the other part of this study is an effort
in resolving the two methodological pitfalls mentioned above. This seemed to be a crucial
next move in filling the gap between the incoming data and existing methods. This study is
aimed to impact the enrichment of both resources and methods of plastid genomics. More
precisely, with reference to the original contributions of this study on the material side, the
next section of this dissertation discusses two different sequenced chloroplast genomes with
the emphasis on those of Solanum dulcamara and Ambrosia trifida as presented in Chapter I

1

This range is excluding the peculiarity of some species that can be categorized as outliers. The chloroplast genome of
the Haematococcus lacustris L. (MG677935.1) belonging to Chlorophyta for example is 1,352,306 bp. Inflated with
repeats, in general, Chlorophyta is exhibiting the longest plastid genome sequences ranging 124-521 kbp, while
intracellular parasites and non-photosynthetic heterotrophic apicomplexans of Chromalveolata are on the other hand of
the spectrum with 35-40 kbp long plastid genomes sequences (Green, 2011), with Pilostyles aethiopica L. (NC_029235.1)
as the shortest plastid genome with only 11,348 bp and five functional genes (Bellot & Renner, 2016).

9

and II, respectively. This will be followed with the improvement and introduction of new
methods to better assess the chloroplast genomes in the third section as discussed in Chapter
III and IV. The fourth section discusses some of the shortcomings and concerns related to
this study and delineates some possible future directions of research, and finally summarizes
the main findings and implications.
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2. Chloroplast evolution
“Each allied with me based on his belief,
But alas bereft from my secrets within”
- Rumi
We probably owe less to J. Priestley (1733-1804) the 1773 discovery of oxygen as nature
does to evolution for its invention of the photosynthesis, ~2.3 billion years earlier (Soo et al.,
2017). Ever since this invention in the cyanobacteria, the evolution bestowed this mechanism
to Archaeplastida consisting of three groups of primary endosymbionts as green algae+plants,
red algae, and glaucophytes (Blankenship 2009; Douglas 1998). Each group have slightly
modified this process to best hone the function and survival of the species and despite the
overall stability of photosynthesis, it is possible to find dissimilarities in the related underlying
photosynthetic genotypes of different species, even at the genus level (Nevo et al., 2012).
This section will mainly focus on two first chapters of this dissertation presenting the plastid
DNA architecture and its evolutionary aspects in Solanaceae and Asteraceae. The presented
chapters deliver a high-resolution analysis of the chloroplast genomes of the particular species
as well as other analysis concerned with these genomes in relation to other relevant closely
related species in the form of comparative genomics and phylogenetic analyses. The
following section discusses the chloroplast as a main biological organelle regarded as a
building block to our analyses. This will be followed with beckoning on some of the analyses
performed with the genomes that has helped us in understanding the position of these species
on the plant tree of life.

2.1 Plastid genome architecture
Chloroplasts are the prototypical members of a diverse family of organelles; the plastids. In
plants, other plastid family members are the amyloplasts (found in seeds, roots and tubers)
and chromoplasts (which accumulate carotenoid pigments and function as attractants in flowers and fruits; Lopez-Juez & Pyke, 2005). Proplastids are small, undifferentiated plastids that
exist in meristems and reproductive tissues. The specific function of the proplastids is
organelle transmission between generations and within all cells of the organism. The more
specialized plastids in plants are derived from proplastids through differentiation and all are
bounded by a double-membrane system that is called the envelope (Sakamoto et al,. 2008).
Chloroplasts are mainly found in the cells of the mesophyll, the tissue in the interior of the
leaf. A typical mesophyll cell contains about 35 chloroplasts each measuring ~16 μm2. The
chloroplast genome (cpDNA) is in stroma, a dense fluid enclosed by a double membrane
separating the chloroplast from the cytosol. This cpDNA is undoubtedly a remnant of the
evolutionary origin of the plastid as endosymbiotic cyanobacteria (Blankenship 2010).
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The boldest differentiating aspect of the plastid genome as compared to that of cyanobacteria
is its smaller size and hence, its reduced genetic contents. This reduction in size is in part2,
the result of the fact that most of the genes needed for photosynthesis has been transferred to
the nucleus. The question then arises as, if there are advantages in this transfer of the genes
to the nucleus, why not all of them? Two answers have been put forward to this end. The first
is that certain plastid proteins are intrinsically difficult to be transported through the plastid
envelope. Then it renders it difficult to translocate its underlying gene when consequent
synthesis of proteins in the cytosol and the post-translational import into the organelle is
concerned (Howe et al., 2002). While this suggestion seems to be plausible, there are studies
that show that under certain conditions, it is possible to artificially introduce the plastid genes
to the nucleus and effectively re-import the resulting mature protein back in the organelle
(Cheung et al., 1988; Kanevski & Maliga 1994). Given this re-importing can in principle be
obtained, one might note minor reduction in fitness that this procedure brings about for the
organism. The second suggestion for the retention of the plastid genes is that it allows the
instantaneous regulation of the expression in response to the redox status of the organelle
(Pfannschmidt et al., 1999; Allen 1993). On the other hand, although lacking fully supportive
indications, the result of specified tests tailored for assessing the colocation of the gene and
the gene product for redox regulation of their expression, seem to be in favor of this
hypothesis (Allen, 2015). Chloroplast genomes of the vascular plants normally possess 50 to
80 coding protein genes which reside on 120 - 200kb long genome sequence. These genes
contain the information for many of the core proteins of the photosystems and the cytochrome
b6f complex (Green, 2011; Table 1). The number of proteins coded by a chloroplast genome
range from 1000 to 5000, which are far smaller than what is needed for assembly of the
photosynthetic complexes. This huge deficit indeed is supplemented with the proteins that are
coded by the nuclear genes which are then to be imported into chloroplast (Martin and
Herrman, 1998). As a survey of selected 153 embryophyte plastid genomes, Fig. 1 exhibits
the genes present in the chloroplast for the most common gene sets and for the missing genes,
and shows the similarity of closest species plastid gene to the nucleus genome of the species.
Despite the dissimilarities in the length of the chloroplast genomes, a typical feature of these
genomes is their relatively large inverted repeat (IR) regions. Due to high level of size
variation and even its absence in red algae (Rhodophyta), the functional significance of this
structure is not fully understood. On the other hand, the slower rate of nucleotide substitution
rate of this region compared to the rest of the genome, might shed some light on the promotion
of the genome stability hypothesis for this unique genomic structure (Maier et al., 1995).
2

Indeed, the ratio of the transferred genes into the nucleus to the ones remained in the organellar genome, the
photosynthesis and respiration genes among other families are having the highest value (close to one). This is followed
by the translation and amino acid biosynthesis. Genes related to transport and binding proteins have transferred the most
(158 genes, 4 remained in chloroplast and 5 in mitochondrion) to the nucleus while all the genes in central intermediary
metabolism are transferred to the nucleus (Martin & Hermann, 1998).
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These IR regions inevitably section the genomes into a quadripartite structure consisted of
long and small single copy regions (LSC and SSC, respectively), which are separated from
each other with two IR regions namely referred to as IRb and IRa (Fig. 2).

Table 1. Plastid genes and their function in plastid genomes. The greenline refers to plants and green algae while
redline indicates the red algae and chromistan algae that obtained their plastids from the red algae by secondary
endosymbiosis. The bold ones are most prevalent ones (except in reduced genomes like dinoflagellates, nonphotosynthetic plastids).
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Figure 1. The chloroplast genetic map with nuclear blast hits. The absence/presence diagram of plastid genes in 153
embryophytes. The species are listed on the left with the set of 84 common genes on the top. The corresponding coordinate
for a specific species and gene is plotted as either a green or white square for presence or absence of the gene on the
plastid genome, respectively. If there is a value plotted in a coordinate on the field it means that the underlying plastid
sequence of that species is missing the annotation of that gene and that value represents the blast similarity between that
specific plastid gene of the closest neighboring species (target) to the underlying species plastid genome sequence (query).
The values plotted on the right and below of the field show the sum of the blast similarity hit percentages plus the present
gene and species numbers, respectively.
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Figure 2. Map of the chloroplast genome of the Solanum dulcamara and Ambrosia trifida as depicted in Chapter I
and II. Genes lying inside of the outer circle are transcribed counterclockwise while those outside that circle are
transcribed clockwise. Genes belonging to different functional groups are color coded differently and the GC and AT
content of the genome are plotted on the inner circle as dark and light gray, respectively. The inverted repeats, large single
copy, and small single copy regions are denoted by IR, LSC, and SSC, respectively.

As shown in Chapter I and II, the chloroplast genome of the Solanum dulcamara and
Ambrosia trifida exhibit this preserved structure as well (Fig. 2). For S. dulcamara with the
chloroplast genome length of 155,580 bp these regions are 85,901 bp, 18,449 bp, and 25,615
bp for LSC, SSC, and IR respectively. On the other hand, the A. trifida corresponding sections
length are 83,966 bp, 17,894 bp, and 25,090 bp while the total genome length is 152,040 bp.
Chapter I further shows that the chloroplast genome of S. dulcamara contains 81 proteincoding 27 tRNA, and four rRNA genes that makes the total of 114 unique genes of this
genome. Out of these genes, 17 contained introns and among them ycf3 and clpP contained
two introns. All these introns are observed to belong to the group II introns while only trnLUAA exhibits the group I intron. The longest forward repeat with size of 83 bp was found in
the IGS region of ycf3 and trnS-GGA. Chapter II on the other hand reports 80, 28, and four
unique protein coding, tRNA, and rRNA genes on the Ambrosia trifida chloroplast genome.
While overall, these two sampled species, one from the largest genera of angiosperms, and
the other from ragweed genus exhibit the standard chloroplast structure, this is not necessarily
true for a given plastid genome. Organisms with highly atypical chloroplast genomes are
parasitic plants that have lost the ability to carry out photosynthesis (Wolfe et al., 1992). Their
chloroplasts either have completely lost all the genes that code for photosynthetic proteins, or
while still retaining a small vestigial chloroplast genome that functions primarily in fatty acid
synthesis, and not in photosynthesis (McFadden et al., 1996; Waller et al., 1998). One
hypothesis put forward for this is underlying the chloroplast degradation process that happens
in response to the loss of functional complexes which disrupt the selection pressure rhythm.
15

This will gradationally transform the organelle into the obligate parasitism (and eventually
holoparasitism) state where functional constraints are relaxed (Wicke et al., 2011). The other
interesting aspects of plastid genomes is their relatively low AT content. This is prevalent
both in the genic and intergenic regions. With roughly 80% genic region of the sequences,
the GC content of giant ragweed and bittersweet as presented in Chapter I and II are observed
to be fairly similar (AT content of 37.2% and 37.8%, respectively). These values were
somehow close to those of Nicotiana tabacum (38%), Porphyra purpurea (Roth) C.Agardh
(33%), and Odontella sinensis (Greville) Grunow (32%; Reith and Munholland, 1995;
Kowallik et al., 1995). Although it is not possible to exclude the hypothesis that the low AT
of plastids originated from their common cyanobacterial ancestor, it seems more plausible
that the endosymbiosis has been the main reason of this (Howe et al., 2002). This drift in
nucleotide composition could be due to the nature of the DNA damage occurring in
chloroplast, the tendency of the plastid DNA polymerase to mis-incorporate A and T rather
than G and C in replications, or a bias in DNA repair machinery (Lang et al., 1999).
Although studying specific characters of a species can be valuable by itself, it would be only
in the light of the comparison with other closely related species that the true importance of
the information could be embraced. With reference to two families of plants, namely
Solanaceae and Asteraceae, next subsection discusses the position of Solanum dulcamara and
Ambrosia trifida in more detail.

2.2 Comparative inference
The comparative genomic analysis accounts for the methods that with a reference to a target
sequence, explain the features of the newly sequenced species (Rubin et al., 2000). In a crude
sense, this can be implied as the supervised machine learning method in which the aim is to
estimate the parameters of the newly arrived test data point with reference to the training data.
The more erroneous part of this method hence is not to find the similarities between the
objects being compared but, the differences that distinguishes each object from the rest and
grant them a unique identity. The other important factor that need to be accounted for in the
comparative context, is the scope of the set of objects being compared; as this scope being
too wide might lead into the intractability of comparisons due to a huge dissimilarity level
between objects, while on the other hand, if the scope is too narrow, we fail to notice and
infer the unique interesting biological aspects of the sequences.
The eudicot clade of the angiosperms (flowering plants) is the most diverse group of
embryophytes (land plants) consisting of 416 families, the Chapter I and II comparative
analysis is focused on two highly important families: Solanaceae (nightshades) and
Asteraceae (composits). While the nightshades are an economically important family of
flowering plants, the composits, competing with Orchidaceae, is arguably the biggest family
with 32,913 species and 1,911 genera (Stevens, 2001).
16

Figure 3. Cladogram illustrating the phylogenetic relationships of Solanaceae based on complete chloroplast
genome sequences. Plastid genome rearrangement events are mapped on the branches of the best scoring maximum
likelihood tree generated with RAxML-NG. Each node has 100% bootstrap support value. A node with lower support
value indicated and those with support values below 50% collapsed. Currently recognized suprageneric groups are listed
on the right.

In Chapter I, based on the whole genome alignment, we presented a phylogenetic tree of 32
chloroplast genomes of Solanaceae and ran a survey of the evolutionary events pertinent to
this species set with Coffea arabica L., Ipomoea batatas (L.) Lam., and I. purpurea L. as
outgroup terminals (Fig. 3). MAFFT (Katoh, 2013) was used to align the 35 complete
chloroplast genomes and maximum likelihood (ML) analyses were performed with RAxMLNG (Kozlov, 2018). Three strategies in regard to the alignment was used. 1) The exclusion
of one of the IR regions to reduce overrepresentation of duplicated sequences and then
treating the unpartitioned alignment under GTR+I+G substitution model as a single partition;
2) Partitioning the same data matrix by gene, exon, intron and intergenic spacer regions (n =
258) and allowing separate base frequencies, α -shape parameters, and evolutionary rates to
be estimated for each; 3) Using the PartitionFinder2 (Lanfear, 2017) to infer the best-fitting
partitioning strategy for the alignment (n = 24). jModelTest2 (Darriba, 2012) was used to
infer the best fitting nucleotide substitution model, and the branch support values were
obtained by 10,000 rounds of bootstrap. For each alignment we conducted ten separate runs
17

with RAxML-NG since log-likelihoods could show variation among individual runs (Nguyen,
2015). This phylogenetic analysis resulted in highly resolved tree with almost all clades
recovered with maximum branch support values.
We further compared the gene order, inverted repeat (IR) length and studied the gradational
structural changes in the family. This would have not been possible with the quality of the
existing annotations as there are large number of errors in the deposited annotations. In order
to have a higher resolution comparison, we first revised and reannotated the plastid genomes
of the Solanaceae. The process involved two steps. We first used the predictive tools to detect
the genes and then manually annotated all the genes of the genomes. For example, we noticed
that the Iochroma loxense (Kunth) Miers and Solanum pennellii Correll genome sequences
completely lacked the annotation and genomics features. In general, these annotation errors
could cause a considerable difficulties and downstream errors in inferring the gene
functionality, synteny and even in phylogenetic analyses.
It turned out that the ancestral chloroplast genome of Solanaceae most likely had two
pseudogenes: infA and ycf1. ycf1a and ycfb loci were detected to be the most diverse regions
of the chloroplast genomes and the former has been suggested as a “barcode” for
embryophytes (Dong et al., 2015). The frequent and multiple parallel losses of infA gene to
the nucleus and its defunctionalization distinguish this gene as the most mobile chloroplast
gene known in plants (Millen et al., 2001). Other interesting observation regarding our
sequences is the highly divergent sprA (Fig. 3). The existence of this gene is nonessential in
maturation of the pre-16S rRNA in plastids (Sugita et al., 1997). Furthermore, while the
distribution of the genes of different regions of the genome resembles other Solanaceae (with
13 genes on SSC and 19 genes on the IR) our ancestral genome reconstruction analysis
suggested the further rearrangement and expansion of the IR in the common ancestor of
Solanoideae. This expansion (ranging from 25,343 bp to 25,906 bp), was further assessed
with the examination of the junction sites of the curated genome annotation of nine other
Solanaceae (Fig. 4).
Following similar methodological approach, we studied the chloroplast genome of the
Ambrosia trifida in Chapter II. The phylogenetic analysis is based on 41 different genomes
from the Asteraceae with the Carum carvi L. and Foeniculum vulgare Mill. as the outgroup
terminals. For this, we used the matrix based on 50 protein-coding genes representing 43
species resulting in a total concatenated matrix alignment of 31,356 bp. While it has been
shown that the non-coding regions in chloroplast can be informative to infer the phylogenies
(Kelchner, 2000), in this case, due to the observed ambiguity in the repeat expansion and
presence of microstructural variation, these regions were excluded (Curci et al., 2015). Our
results are congruent with the current hypotheses about phylogeny of Asteraceae. The
placement of the genes in the vicinity of the IR junction sites was also analyzed with the
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species of the Asteraceae included in the phylogenetic analysis. This exhibited the placement
of the rps19 in the LSC-IRb region. Majority of the species showed the fixation of the
extended ycf1 on the JSB and length of the IRs, SSC, and LSC was quite conserved
throughout all the species as 24-26 kbp, 18-19 kbp, and 82-84 kbp, respectively. In general,
the overall synteny of the genes in the vicinity of the junction sites was confirmed as well.
As discussed earlier the comparative task can entail its own challenges which renders the true
comparative analysis unattainable; nevertheless, a close examination of subjects can at least
deliver clues on which direction the next logical question shall be placed: a) One interesting
case is the exceptionally short SSC region (~2 kbp) of the Vanilloideae (Orchidaceae; Ueda
et al., 2012). This short SSC is the result of the multiple loss and pseudogenization of the ndh
genes of the chloroplast. In Vanillon for example, only ndhB was detected in the plastid
genome while all other 10 plastids encoded NAD(P)H dehydrogenase complex genes have
either disappeared, or are non-functional (Amiryousefi et al., 2017). In general, this
independent and complex rearrangement pattern of genes in Orchidaceae is not observed to
be tied with a meaningful evolutionary event (Kim et al., 2015). b) Another interesting feature
is that the IR regions cannot be identified. For example, Guizotia abyssinica L. plastid genome
showed the dissimilar IR regions as these two regions were interspersed by single nucleotide
and insertion-deletion polymorphism (Chapter I). While eight SNPs and a deletion of 2 bp
from the IRb may seem minuscule against the 25,001 bp long IR, they are significant enough
to cause the incorrect detection of these regions (Dempewolf et al., 2010). Although it is
tempting to assume this difficulty to identify these regions is inherent to the IRs, the
sequencing and/or assembly error hypothesis seems to be more likely of an explanation. In
either of the two examples given above, hence it is crucial to obtain the highest level of
assurance about our measures. While the case with Vanilloideae, deserves an evolutionary
endeavor to answer this family’s peculiarity, the curation of the plastid genome annotation is
most probably the remedy for the G. abyssinica case.
As mentioned earlier, the type of the errors that might occur in the comparative inference can
be either misinterpretation and inferring a type of difference that is not present in the target
sequence, or, on the other hand, fail to detect a similarity that is present in the sequences
studied and compared. Both of these cases can be observed for example in the annotation
tools commonly used, more specifically in a highly cited program for organellar genome
annotation: DOGMA (Wayman et al., 2004). Our surveys of Solanaceae presented in Chapter
I for example revealed a huge deflection from correct annotation of the species in this family.
What we have observed is probably by no means exclusive to this family. These types of
errors continue to linger on in any type of inferences as long as the critical quality checks are
not routinely included in handling the obtained results produced using the tool mentioned.
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Figure 4. Junction sites of the inverted repeats. For each species, genes transcribed in positive strand are depicted on
the top of their corresponding track with right to left direction, while the genes on the negative strand are depicted below
from left to right. The arrows are showing the distance of the start or end coordinate of a given gene from the
corresponding junction site. For the genes extending from a region to another, the T bar above or below them show the
extent of their parts with their corresponding values in base pair while nothing is plotted for the gene tangent to the sites.
The plotted genes and distances in the vicinity of the junction sites are the scaled projection of the genome. JLB (IRb
/LSC), JSB (IRb/SSC), JSA (SSC/IRa) and JLA (IRa/LSC) denote the junction sites between each corresponding two
regions on the genome.

Here with reference to two chloroplast genomes, we presented the basics of the structure and
architecture of the plastid genomes. Stepping up, in comparison to the other species, we
discussed ways we can improve quality of the deposited chloroplast genomes and what can
be inferred from comparative analyses. In order to improve our fourth type of downstream
inference, the next section introduces two software packages. More specifically, as
respectively published in Chapter III and IV, a tool to evaluate the chloroplast genomes in
the vicinity of the junction sites and, a calculative online tool to ease the process of obtaining
seven indices related to primary markers are discussed.
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3. New age informatics
“From where I stand, the rain hit the ground at
random, if I could stand somewhere else, I could
see the order in it.”
- Tony

Hillerman

The electron microscope showed us a lot about the nanoworld but our knowledge about that
realm would have not improved if it was not about our better apprehension of the realities
beheld by our eyes. While the rate of our recognition of the nature has always been
proportional with the invention and enhancements of the new tools, it seems that we are now
approaching the time when we are about to be left behind the supersonic wheel of
technological advancements and flood of novel data. This is indicating an inevitable gap - a
gap between our ability to internalize and process the information with the tools we have
created. Specifically, regarding the genomics, there are ample methods that can be used in
inferring different queries ranging from phylogeny to the structure and functions. The ample
number of tools, however, should not be considered synonymous with good quality. As shown
in Chapter I, there were many errors represented in the plastid annotations of the Solanaceae
which we corrected to render our downstream analysis possible. One of the most problematic
area of existing annotations was related to the standard quadripartite structure of the
angiosperm plastid genomes. In number of cases we noticed that LSC and SSC were entirely
missing or poorly indicated. Inverted repeats (IRs) were either unannotated or their orientation,
size and correct naming was erroneous. Compared to the tobacco reference order LSC-IRBSSC-IRA (Shinozaki et al., 1986), the erroneous annotation LSC-IRA-SSC-IRB was often
implied. These discrepancies in the annotations could have many different reasons out of
which the inefficiency of automated analytical tools can readily be recognized.
In Chapter III we present a tool to detect this structure in the chloroplast and visualize these
areas. This new tool can visualize the junction sites of the chloroplast genome of up to ten
different embryophytes. The report of this sort in the comparative sections in the studies of
plastids is an indispensable part but previously such a tool towards this end did not exist.
Previously the plots were compared only pairwise and they were of poor quality (Terakami
et al., 2012; Pląder et al., 2007; Li et al., 2013). This tool is coded in R and it is available for
online use as well as a source code. The program allows direct submission of files in either
GB format or insertion of the GI or accession number of the selected species. It is possible to
input the data also manually in the DOGMA (Wayman et al., 2004) file format. The software
preprocesses the input files in various ways, and after success, enters into the IR finding stage.
As mentioned in Chapter I, SNPs on the IR region will not pose serious difficulties for the
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program to detect these areas. For a given set of species, the program finds the consensus
radius for each junction sites as the best visual representation of the genes. Also, in the
program is embedded an SSC reversion option that allows the reverse representation of this
region and its pertaining genetic annotations. This deemed to be essential as chloroplast DNA
within individual plants may exist in two equimolar states that differ in the relative orientation
of the SSC region (Palmer 1983; Walker et al., 2015). Upon successful submission of the
input files and consecutive calculations, the program delivers a high-quality jpg-file with the
depicted tracks of different species and their detailed genetic content at the base pair
indicating resolution.
Some of the existing genomic plotting have targeted more specifically for synteny analysis
(Lyons and Freeling, 2008), comparative visualization (Frazer et al., 2004), or genome
organization plot (Lohse et al., 2007), and are not necessarily presenting such a highresolution analysis and output presented in Chapter III which is optimally designed for such
a task. This is because of unique and compact nature of the plastid sequence; the composition
of the plastomes with relatively limited number of functional genes leaves only a fraction of
the genome for intergenic regions (as also observed in Chapter I, II this proportion was only
20% for the bittersweet and giant ragweed). Another interesting feature of the plastid genomes
that renders the existing plotting tools unscalable is the existence of the two stretched IR
regions of 15-32 kb (Oldenburg and Bendich, 2004). These regions are attached within the
LSC and SSC regions on four distinct JS (Fig. 4). The structural organization of the genome
along these sites are of crucial importance, examination of which, can reveal sweep or
evolutionary drift in lineages. Furthermore, the interconversion into a dumbbell-shaped
conformation of circular plastid molecule, is facilitated by the IRs (Kolodner et al., 1976).
Also, the contraction of the IR and SSC is primary reason for the variation in size of
angiosperms plastid genomes. The presented tool in Chapter III has been tested on the diverse
set of more than 200 species, and seems to show well the discussed specifics of the plastid
genomes.
The other interesting question to be answered with bioinformatics is related to the
characterization and evaluation of genetic diversity within and between species and
populations. One type of the valuable tools available today are the molecular markers that
have proved to be useful in this context. Different markers disagree in their pertinent
information content, which is mostly dependent on polymorphism (Nagy et al., 2012).
Defining the genetic variation in a population, the concept of polymorphism, is used in diverse
fields and disciplines ranging from genetics, microbiology, conservation biology, to botany
and zoology (Mukherjee et al., 2010; Muneer et al., 2011; Rajkumar et al., 2011). The ample
use of the methods emphasizes the important basic questions involved. In essence, they can
be considered to be centered around the difficulty of finding the useful polymorphic loci, the
number of markers needed, etc. These concerned issues related to the markers can be tackled
with measuring their information content. Different indices have existed for a long time
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(Botstein et al., 1980), and attempts has been made to make them easily accessible (Nagy et
al., 2012). However, there have not been a comprehensive online tool to collectively assess
these indices.
As summarized in Table 2., Chapter IV, provides an online platform for calculating seven
different marker efficiency indices, namely: heterozygosity index (H), polymorphic
information content (PIC), effective multiplex ratio (E), discriminating power (D), marker
index (MI), arithmetic mean heterozygosity (Havp), and resolving power (R). The indices are
based on dominant and codominant DNA fingerprinting markers. Calculating these indices
allows comparison and selection of optimal genetic markers for a given data set. The platform,
called iMEC, is as well, completely written using R and is publicly available. The input file
format for the program can be either PHYLIP (Felsenstein 2002), NEXUS (Maddison et al.,
2017), or a simple excel file. The input data should be either binary coded or recorded as
multistate characters, both cases represented in integer form.

Table 2. Detailed description of polymorphism indices calculated by iMEC. For each marker as noted with the
superscripts the references are as follow. a (Liu, 1998); b (Botstein et al., 1980); c (Powell et al., 1996); d (Tessier et al.,
1999); e (Prevost and Wilkinson, 1999).

Note that the inherent complexity of the evolution plays a major role in the shortcomings of
the many analytical tools. For example, endosymbiotic gene transfer and replacements are
such phenomena related to the plastids (Lane et al., 2008). But what is left after that in the
detection of the genes in the chloroplast genome, is the incompetence of the either sequencing,
assembly, and/or annotation procedures. The latter issue as discussed in detail in Chapter I,
and is particularly important to be addressed as all the other downstream biological analysis
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are expected to be built upon that. The other danger of poor annotation is that mistakes can
easily be transmitted to a newly sequenced genome if that is used as the annotation model.
One such sweep in annotation quality observed in Solanaceae was caused with a widely used
annotation tool: DOGMA (Wyman et al., 2004). This situation can be even exacerbated due
to the fact that this program generates the general feature format (.gff) and GenBank (.gb)
output files that can be easily incorporated in other software and errors propagated even
further. Luckily new programs like CpGAVAS (Liu et al., 2012) and GeSeq (Tillich et al.,
2017) have been introduced that can perform better and seem to become increasingly popular.
On the other hand, the use of a complementary tools to benchmark different annotations such
as BEACON (Kallkatawi et al., 2015) seems to become prevalent.
The other dimension of evolutionary studies is the use of informatics in resolving the
phylogenetic relationship between set of taxa. Due to its very nature there is perhaps not a
more controversial realm in evolutionary studies than this one. Some subjectivity is
unavoidable, although rarely discussed in detail. This ranges from the choice of substitution
models, to the metric measures for the distance matrix, to the methods of deducing the trees,
and even the assessment of the obtained topology. This subjectivity is one of the reasons for
the lack of consensus between scientists. For example, despite the lack of evident theoretical
justification (Holmes, 2003) the bootstrap for assessing the phylogenies (Felsenstein, 1983)
is still widely used, and for some scientists this seems to be even more important than the
actual result(s) obtained using the chosen optimality criteria. Also, whether to use all
information obtained from the genomes, or only part of it, has been discussed (Salichos and
Rokas, 2013), where they have suggested using the genes with strong evolutionary signals.
As well in a sequel paper (Salichos et al., 2014) they propose a new entropy-based index that
calculate a balanced score with incorporating the number of the gene tree topologies favoring
or against the derived species tree named as internode certainty. Based on this score, and
albeit in contrary to the widespread practices (Zhang et al., 2012; Lang et al., 2013), they
argue that the use of the slowly evolving genes and conserved sites increases the incongruency
(i.e. decreases the certainty) of many internodes of the derived phylogeny. Hence, they
recommend the detection and use of the genes with strong evolutionary signals for
constructing the robust phylogenetic tree. This recommendation has been challenged with the
objection that it is not the evolutionary signals of the gene that plays role in the internode
certainty, and that their derivations is merely a specific gene selection artifact (Betancur-R et
al., 2014). This refuting argument is based on the illustration of the significant negative
correlation between gene length and their level of incongruence, as such relationship has
already been established (Rasmussen & Kellis, 2007). This is because the shorter genes mean
smaller nucleotide sample size (and hence a more conflicting gene-trees) and it is possible to
obtain all conflicting trees with these genes (Dikow & Smith, 2013).
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4. Conclusion
“Improvement makes straight roads, but the crooked
roads without improvement, are roads of genius.”
- William Blake
The progression of science and its impersonality has never been felt more than now. The
instant gradational increase of our knowledge is bestowed both in the invention of modern
tools and production of more accurate hypotheses. More specifically, in the molecular biology
this can be translated in the accumulation of the sequenced genomes of different species
which consequently can be used to present better hypotheses about many pertinent aspects of
the organisms; from their ontogeny to their interaction with the surrounding environment and
to hypotheses about their phylogeny.
This study is based on two main parts that are inevitably related to each other. Firstly, we
were interested about plastid genomic material of two angiosperms and then addressed
suggestive downstream questions. Using plastid genomes of the closely related species we
examined phylogeny of these two species. We detected different genetic events that
characterize species studied. We also curated the erroneous plastid genome annotations of the
Solanaceae in Chapter I. The analyses performed were, however, by no means exhaustive
and the material available in GenBank should be used for performing new analyses and testing
different hypotheses presented. Secondly, we focused on the development of two separate
tools to perform analyses of the material obtained for example from the first part. These tools
are embedded as online interactive suits that are meant to ease the representation of the
various evolutionary aspects of the input data. In chapter III for example we designed a tool
to depict the genetic content of the chloroplast genomes of embryophytes, while Chapter IV
represents a platform to calculate different molecular indices of informativeness.
While the effort and focus of this thesis is mainly placed on plastids and their genomic content,
one should be aware of the shortcomings of the analyses and outlook. There are many other
valuable sources of information that are useful for comprehensive analyses. The immediate
genetic counterparts of the plastids – those of the nucleus and mitochondrion should be used
whenever available in order to obtain robust hypotheses.
Besides, we need to bear in mind the limits of the extent of our methods and more than that,
our ability to discern forces of nature as reflected in the torturous evolutionary history. We
may lure into thinking that nature follows a certain model, but that might not be necessarily
true, as ways of nature can be grander that our collective consensus. This should not stun us
however, as it has formed us to inexorably seek the truth.
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