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ABSTRACT

Genomic sequence data from the three domains of life have revealed a remarkable
diversity of genome architectures. The relative contributions of adaptive versus non-
adaptive processes in shaping this diversity are poorly understood and hotly debated. This
thesis investigates the evolution of genome architecture in the Chloroplastida (i.e., green
algae and land plants), with a particular focus on the mitochondrial and plastid genomes
of chlamydomonadalean algae (Chlorophyceae, Chlorophyta). Much of the work
presented here describes unprecedented extremes in: 1) genome compactness (i.e., the
fraction of noncoding DNA in a genome), i1) genome conformation (e.g., circular vs.
linear vs. linear fragmented genomes), iii) intron and repeat content; and iv) nucleotide-
composition landscape (e.g., GC-rich vs. AT-rich genomes). These data are then
combined with intra-population nucleotide diversity data to explore the degree to which
non-adaptive forces, such as random genetic drift and mutation rate, have shaped the
organelle and nuclear genomes of the Chloroplastida. The major conclusions from this
dissertation are that chlamydomonadalean algae show a much greater variation in
organelle genome architecture than previously thought — this group boasts some of the
most unusual mitochondrial and plastid genomes from all eukaryotes — and that the

majority of this variation can be explained in non-adaptive terms.
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CHAPTER 1: INTRODUCTION

The primary objectives of this thesis are to uncover and describe extremes in
genome architecture and then address the evolutionary forces governing these extremes,
particularly the relative contributions of adaptive versus non-adaptive processes. To do
this, I have focused on the mitochondrial and plastid genomes from chloroplastidial
species (i.e., green algae and land plants [AdI et al. 2005]), especially those found in the
Chlamydomonadales (Chlorophyceae, Chlorophyta). By employing a variety of different
chlamydomonadalean algae, as well as the land plant Selaginella, 1 argue that most of the
observed diversity in organelle genome architecture within the Chlamydomonadales, and
the Chloroplastida in general, is the result of non-adaptive processes. I am not the first to
take a non-adaptive approach to explaining genome evolution, but [ am arguably in the
minority. Thus, a primary theme throughout this thesis, and the major take-home
message, is this: One need not invoke adaptation to explain the magnificent array of
genomic architectures observed throughout our natural world, but rather one can call
upon neutral processes, which, if thoroughly considered, can elegantly account for much
of the genomic diversity described here and elsewhere.

I have divided the thesis into the following sections, each of which focuses on
particular aspects of genome architecture. Chapters 2, 3, and 4 explore the evolution of
nucleotide landscape and genome conformation in the organelle DNAs of the non-
photosynthetic, green algal group Polytomella and the lycophyte genus Selaginella. More
specifically, they attempt to explain the forces driving GC enrichment of organelle DNA,
the evolution of linear mitochondrial genomes and their telomeres, and how linear,
monomeric mitochondrial DNAs can become fragmented into linear, bipartite molecules.
Chapters 5, 6, and 7 address the evolution of organelle and nuclear genome size, and test
a contemporary theory on genome evolution called the mutational-hazard hypothesis
(Lynch 2007); these three chapters present complete genome sequences and silent-site
nucleotide diversity values for the model green algae Chlamydomonas reinhardtii and
Volvox carteri. Together, these data are used to gain insights into fundamental population
genetic parameters, such as mutation rate and effective genetic population size, and how
these parameters influence the evolution of genome size. The latter parts of the thesis

(Chapter 8 and Appendix E) describe some of the extremes in intron and repeat content in



chlamydomonadalean organelle DNAs; these data are then placed in context to the
findings presented in earlier chapters.

This Ph.D. dissertation is a publication-based thesis, which means that all of the
primary chapters have been published in peer reviewed journals and that these chapters
are in “journal format,” i.e., they each contain their own abstract, introduction, methods
and materials, results, and discussion sections. All of the citations have been placed in a
single References section, beginning on page 183. In total, this thesis is based on eight
publications (Smith and Lee 2008a, 2008b, 2009a, 2009b, 2010; Smith 2009; Smith et al.
2010a, 2010b), which have been incorporated into seven thesis chapters (Chapters 2 to 8)
and one appendix (Appendix E). The full citations for these eight publications are located
at the beginning of the given chapter or appendix that each publication represents.
Copyright permission letters for the chapters that were not published in open-access
journals (Smith and Lee 2008a, 2010; Smith 2009, Smith et al. 2010a) are found in
Appendix A. I am the first, or only, author on all of the publications presented in this
thesis; and I declare that I analyzed and, when applicable, collected the data that are
described in these papers, and wrote the manuscripts — for further details see Student
Contribution to Manuscripts in Thesis.

I have structured and formatted the thesis so that each of the main chapters can,
for the most part, stand alone. However, to reduce repetition, especially in the various
materials and methods sections and with respect to certain figures, I sometimes refer the
reader to earlier chapters. Moreover, within the thesis, when I mention work that is either
discussed in later chapters or that was already presented in a preceding chapter, I cite
both the chapter number as well as the formal reference for the given data (e.g., Smith
and Lee 2008a; Chapter 2). For clarity, in each chapter I redefine scientific terms and
acronyms, and give the full scientific name when I first refer to a species. Given that this
thesis and the publications from which it was constructed are the product of the combined
efforts of my supervisor and myself — and in some instances, our collaborators — I have
chosen to use the first person plural throughout much of the writing rather than the
singular. Finally, in some instances the thesis chapters differ slightly from their
corresponding publications. This is because 1) | altered the published manuscripts so that

they meet Dalhousie thesis-formatting requirements, ii) I cut sections from some of the



publications (as discussed above) to reduce repetition, and iii) I corrected typos and errors

that were present in the published manuscripts.
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Abstract

One common observation concerning mitochondrial genomes is that they have a
low guanine and cytosine (GC content); of the complete mitochondrial genome
sequences currently available at the National Center for Biotechnology Information
(NCBI) as of July, 2007, the GC content ranges from 13.3% to 53.2% and has an average
value of 38%. This study presents the GC-rich mitochondrial genome (57% GC) of the
colorless green alga Polytomella capuana. The disproportion of G and C among the
different regions of the P. capuana mitochondrial DNA (mtDNA) suggests that a neutral
process is responsible for the GC bias — potentially biased gene conversion. In addition,
DNA sequencing and gel electrophoresis analyses indicate that the P. capuana
mitochondrial genome is a single 13 kilobase (kb), linear molecule with “hairpin loop”
telomeres: a novel terminal structure among described linear, green algal mtDNAs.
Furthermore, using a series of GC-rich inverted repeats found within the P. capuana
mitochondrial genome, we describe recombination-based scenarios of how intact linear
mtDNA conformations can be converted into the fragmented forms found in other

Polytomella taxa.

Introduction

One of the most distinguishing characteristics of mitochondrial genomes as
compared to nuclear genomes, is their low GC content; of the 1,125 complete mtDNA
sequences available at NCBI as of July, 2007, the GC content ranges from 13.3% to
53.2% and has an average value of 38%. Although sampling is highly biased towards
animal mitochondrial genomes (1015 out of the 1125), the trend of having a low GC
content is seen throughout other major groups, including fungi (17.1-43.2% GC), the
Archaeplastida (Adl et al. 2005) (22.2-45.2% GC), and the heterogeneous group of
eukaryotic unicells negatively defined as not belonging to animals, fungi, or the
Archaeplastida (14.0-41.2% GC). Various hypotheses for explaining why mtDNA is GC
poor have been proposed. For example, it has been suggested that low levels of G and C
are due to a mutational bias caused by the loss of DNA repair genes in the endosymbiotic
genome that gave rise to the mitochondrial genome (Glass et al. 2000; Moran 2002;

Burger and Lang 2003). Others contend that a low GC content correlates with adaptation



to an intracellular lifestyle where high levels of adenosine and uridine triphosphate (ATP
and UTP) relative to cytidine and guanosine triphosphate (CTP and GTP) make
replication and transcription of an AT-rich genome more efficient (Howe et al. 2003;
Rocha and Danchin 2002). Convergent evolution towards a low GC content is also seen
in the genomes of plastids, symbionts, and endocellular parasites (Dybvig and Voelker
1996; Ogata et al. 2001; Kusumi and Tachida 2006).

The mitochondrial genome of the colorless green alga P. capuana attracted our
interest because of its potential for having a particularly high GC content relative to other
available mitochondrial genome sequences, not only for green algae but also for
eukaryotes in general. This view was motivated by the high GC content of a 768
nucleotide (nt) segment of cox/ from the mtDNA of P. capuana (GenBank accession
number DQ221113; Mallet and Lee 2006), especially at sites expected to be under low
selective constraint, such as four-fold degenerate sites (defined as third-position codon
sites that can tolerate any of the four nucleotides without altering the amino acid
specified).

Polytomella 1s a group of wall-less, colorless unicells (Pringsheim 1955)
belonging to the “Reinhardtinia clade” (Nakada et al. 2008) of chlorophycean green
algae. Available Polytomella taxa fall into three lineages (Mallet and Lee 2006). The
members of at least one of these lineages, represented by Polytomella parva, possess
fragmented mitochondrial genomes (Fan and Lee 2002; Mallet and Lee 2006) whereas P.
capuana, the only known member of earliest branching lineage, appears to have an intact,
linear mitochondrial genome (Mallet and Lee 2006). Little is known about the mtDNA
conformation of the third lineage, represented by Polytomella strain SAG 63-10;
however, unpublished data (Mallet and Lee personal communication) indicate that it is
linear fragmented. Substantial DNA sequence data exist only for the mitochondrial
genome of P. parva, which is comprised of two linear fragments with estimated sizes of
13.5 and 3.5 kb (Fan and Lee 2002). Sequence data spanning 97% and 86%, of the 13.5
and 3.5 kb fragments, respectively, are available. The 3.5 kb fragment encodes only one
gene (nad6), which is missing from the 13.5 kb fragment. The telomeres of both
fragments contain virtually identical inverted repeats that are at least 1.3 kb in length;

however, the extreme termini of both fragments still remain to be sequenced.



Chlamydomonas reinhardtii, a close relative of Polytomella taxa (Nakayama et al.
1996; Proschold et al. 2001; Gerloft-Elias et al. 2005), also has a linear mitochondrial
genome. The telomeres of this completely sequenced 16 to 19 kb linear genome are each
composed of an ~600 nt inverted repeat with an ~40 nt, non-complementary 3" extension.
(Gray and Boer 1988; Michaelis et al. 1990). Based on the potential interaction of the
telomeres with internal repeats, two models of replication have been proposed for the C.
reinhardtii mtDNA (Vahrenholz et al. 1993). There are no apparent similarities between
the telomeric sequences of P. parva and C. reinhardtii (Fan and Lee 2002), and a model
describing how the P. parva mtDNA may replicate has not yet been proposed.

Taken as a whole, sequence data from the P. capuana mtDNA will provide useful
information on nucleotide composition biases in mitochondrial genomes as well as
knowledge about the evolution of mitochondrial telomeres and the mechanisms by which
intact, linear mtDNA conformations were converted into fragmented forms. With these

motives in mind, we sequenced to completion the P. capuana mitochondrial genome.

Materials and Methods
Strain, Culture Conditions, Mitochondrial Enrichment, and DNA Extraction

We used a stock of P. capuana [Sammlung von Algenkulturen Goéttingen (SAQG)
strain 63-5] made axenic by Mallet and Lee (2006). Cells were cultured at 22°C in
Polytomella medium (0.1% tryptone, 0.2% yeast extract, 0.2% sodium acetate) and
harvested in the late logarithmic phase of growth (OD7s9 nm = 0.4; determined with a
Bausch and Lomb Spectronic 20 spectrophotometer) by centrifugation (1,000 g) at 4°C.
Cells were disrupted with a Dounce homogenizer. The mitochondria-enriched fraction
was prepared and treated with DNase I following procedure B of Ryan et al. (1978).
Isolation of DNA followed the method of Ryan et al. (1978), with the exception that there
was no further DNA purification step employing preparative CsCl gradient

centrifugation.



DNA Amplification

PCR experiments were performed in High Fidelity Platinum SuperMix
(Invitrogen, Carlsbad, CA) using DNA from a mitochondria-enriched fraction as the
template. DNA was initially denatured at 94°C for 3 min, then amplified by 35 cycles of
denaturation at 94°C for 45 s, annealing at 50°C-60°C (depending on the melting
temperature of the primers) for 30 s, and extension at 72°C for 3 min; there was a final
extension at 72°C for 10 min. The telomeric regions of the P. capuana mtDNA were
amplified using: 1) the long walk PCR method of Katz et al. (2000), ii) terminal
deoxynucleotidyl transferase (TdT) tailing as described by Forstemann et al. (2000) and
Bah et al. (2004), and ii1) standard PCR amplification (as described above).

DNA Blotting and Hybridization

Blotting of agarose gels onto Hybond N+ membranes (GE Healthcare,
Buckinghamshire, UK) was performed using the Vacublot XL system (GE Healthcare).
Probes used in this study were labeled and hybridized to samples with the AlkPhos Direct
Labelling and Detection System (GE Healthcare) following the manufacturer’s
instructions. Label was detected by exposing the membranes to Fuji Super RX medical

X-ray film (Fuji Photo Film Co., Tokyo, Japan).

Cloning and Sequencing of DNA Fragments

PCR, long walk PCR, and TdT tailing products were separated by agarose gel
electrophoresis, purified with the QIAquick Gel Extraction Kit (Qiagen, Germantown,
MD), then cloned using the TOPO TA Cloning Kit (Invitrogen). Plasmid DNA was
extracted with the QIAquick Spin Miniprep Kit (Qiagen). PCR products and the clones
derived from PCR products were sequenced on both strands at the Centre for Applied

Genomics, Hospital for Sick Children, Toronto, Canada.

Sequence Analysis

Sequences were edited and assembled using CodonCode Aligner (Version 1.5.2;

CodonCode Corporation, Dedham, MA). The boundaries of the mitochondrial rRNA-



coding modules were estimated by sequence comparisons with their counterparts in the
P. parva and C. reinhardtii mitochondrial genomes. MtDNA repeats were identified
using REPuter (Kurtz et al. 2001). Secondary structures and folding energies of the
inverted repeat sequences were predicted with Mfold (Zuker 2003). The equation used
for calculating the GC-skew value was: (G — C)/(G + C); that for the AT-skew was: (A —
T)/(A +T).

Nucleotide Sequence Accession Number

The complete sequence of the P. capuana mtDNA is deposited in GenBank under

the accession number EF645804.

Results
General Features of the P. capuana MtDNA

The P. capuana mitochondrial genome is a single linear molecule of 12,998 nt
with terminal inverted repeats (i.e., the sequence of one terminus is present in an inverted
orientation relative to the other terminus) (Figure 2.1). The size and conformation of the
P. capuana mtDNA were confirmed by pulse-field gel electrophoresis and restriction
endonuclease digestion patterns (data not shown). The coding regions of this mtDNA are
arranged into two unequally sized clusters with opposite transcriptional polarities, which
proceed outwards toward the ends of the genome. The region separating the two
transcriptional orientations shows no similarity to the potential promoter sequence
identified in the corresponding region of the P. parva (Fan and Lee 2002) and C.
reinhardtii mtDNAs (Duby et al. 2001). The complement and arrangement of genes in
the P. capuana mtDNA parallels that of P. parva, except for nad6, which is located
internal to the left terminal repeat in P. capuana (Figure 2.1) but on a separate
chromosome in P. parva (Figure 2.1). The sole tRNA gene, trnM(cau), has
characteristics that are consistent with a role in elongation rather than initiation, like the
mitochondrial-encoded trnM(cau) of other Reinhardtinia-clade taxa (Boer and Gray

1988, Denovan-Wright et al. 1998).



Of the 12,998 nt comprising the P. capuana mtDNA, 10,662 nt (82%) code for
proteins and functional RNAs, and 2,336 nt (18%) represent noncoding DNA. The latter
can be subdivided into intergenic regions and terminal repeats, which constitute 555 nt
and 1,780 nt (890 nt at each terminus), respectively. The 19 intergenic regions identified
in the P. capuana mtDNA range in size from 3 to 62 nt and have an average length of 29
nt.

The P. capuana has a genome-wide GC bias; the overall GC content is 57.2%.
The allocation of G versus C (GC-skew) on the main sense strand (the strand encoding
the gene for cox1) is negligible with a value of only 0.006. The distribution of A versus T
1s slightly more skewed at -0.09, reflecting a slight tendency towards T on the main sense

strand.

GC-bias by Region

The GC content of the P. capuana mtDNA differs considerably among the
various regions of the genome. Table 2.1 shows that the GC values of the P. capuana
mtDNA exceed those of P. parva and C. reinhardtii for all defined regions.

The nucleotide composition of the coding mtDNA in P. capuana has an average
GC content of 56.4% (Table 2.1). This value reflects both rRNA- and protein-coding
regions evenly. In opposition, the trnM gene is slightly GC poor (47.9%). The inflated
GC content of the protein-coding genes in the P. capuana mtDNA comes from a large
number of codons ending in G or C (76%) (Table 2.1); when considering only four-fold
degenerate sites, this value is even higher (85%). In both of these cases, the occurrence of
G versus C is approximately equal. At the more functionally constrained first and second
codon positions, the nucleotide compositions are less GC rich, with values of 52% and
41%, respectively (Table 2.1). The protein-coding genes in the mitochondrial genomes of
P. parva and C. reinhardtii show a tendency towards A and T at all three codon positions
(Table 2.1). The P. capuana protein-coding genes, in spite of being GC rich, show a
derived amino acid composition similar to that of the P. parva and C. reinhardtii protein-
coding genes. Alanine is the only significant exception to this trend, encoded 308 times in
the P. capuana mtDNA but only 257 and 215 times in that of C. reinhardtii and P. parva,
respectively. It is noteworthy that alanine is encoded by the GC-rich codon family GCN.
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Noncoding DNA in the P. capuana mitochondrial genome is more GC rich than
the coding DNA (Table 2.1); the average GC content of the telomeres is 58.7%, and that
of the intergenic spacer regions is 68% (Table 2.1), with the individual intergenic regions
ranging from 55% to 100%. Noncoding DNA in both the P. parva and C. reinhardtii
mitochondrial genomes is GC poor (<50%), except for the telomeres of C. reinhardtti,

which are slightly GC rich (54%) (Table 2.1).

Repetitive Elements

Repetitive elements in the P. capuana mtDNA can be divided into two categories:
short inverted repeats, which can be folded into stem-loop structures, and long terminal
inverted repeats, which make up the telomeric regions.

Short inverted repeat elements: Sixteen pairs of inverted repeats were identified
throughout the coding and noncoding regions of the P. capuana mtDNA (Figure 2.2).
The inverted repeats vary in length from 5 to 27 nt, and all 16 pairs can be folded into
stem-loop (hairpin) structures (Figure 2.2). Although there is no sequence identity
between pairs of inverted repeats, and though the size of stems and loops among their
different predicted secondary structures varies considerably, two trends are apparent: 1)
the stems are GC rich (> 60%) while the loops are less so (~50%), and ii) the location of
the stem-loop structures correlate with the start and end of coding regions.

Twelve of the inverted-repeat pairs have an arrangement where one inverted
repeat is found in intergenic DNA and the other (matching) inverted repeat is located in
an adjacent coding region thereby resulting in a stem-loop structure that spans both
coding and noncoding DNA. In 9 of 12 cases where this occurs, the “loop” portion of the
hairpin contains the start of a coding region, and the “stem” component is adjacent to the
end of a coding region (Figure 2.2). Every protein-coding gene and all but two of the
rRNA-coding modules found in the P. capuana mtDNA are bordered by potential stem-
loop structures.

A few of the inverted repeats share sequence identity with other parts of the
genome. For example, a 20 nt perfect-match sequence corresponding to the stem of the
cox1/nad4 hairpin structure (Figure 2.2) was found inserted into nad6. Similarly, a 12 nt

portion of the cob/nad6 stem (Figure 2.2) was found inserted into nad5. The location of

11



the inverted repeat between the nad6 and cob genes (comprising one half of the stem in
the cob/nad6 stem-loop structure) corresponds to the region that is fragmented in other
Polytomella lineages.

The “global minimum” of a cumulative GC-skew plot (a plot that measures the
change in G versus C over a moving window) of the main-sense strand in the P. capuana
mtDNA occurs at the apex (nucleotide 9,934) of the largest stem-loop structure in the
genome — that between the regions encoding the r7nl-L1 and rrns-S4 gene fragments
(Figure 2.2). The global minimum of a GC-skew plot is often used to predict the origin of
replication in bacterial and mitochondrial genomes (Grigoriev 1998). A similar but much
weaker stem-loop structure was found in the mitochondrial genome of P. parva at the
corresponding region.

Telomeric Repeats: The terminal regions (telomeres) of the P. capuana
mitochondrial genome proved unamenable to standard cloning techniques. Sequencing of
the telomeres was thus achieved using terminal deoxynucleotidyl transferase (TdT)
tailing (Forstemann et al. 2000; Bah et al. 2004) and long walk PCR (Katz et al. 2000).
The nature of these protocols is that the TdT tailing method allows access to the 3" end of
a telomere, whereas the long walk PCR approach works outwards on the strand
containing the 5" end; by using each of these techniques, one can sequence both strands
of a telomere independently.

Sequencing results from TdT tailing and long walk PCR (Figure 2.3) suggest that
the terminal regions of the P. capuana mtDNA exist (in vitro) in two separate
conformations: a closed (hairpin loop) conformation and an open (nicked loop)
conformation. The nucleotide sequence from both these conformations appears to be
identical; however, that from the closed conformation seems to terminate with a 220 nt
single-stranded loop, whereas in the open conformation this loop appears nicked (Figure
2.3). The location of the nick was shown to vary but was most often observed at the apex
of the loop. Further experiments using standard PCR techniques were performed to
confirm the sequence of the telomeric regions. Gel electrophoresis analyses and
restriction digest results also support the idea that the P. capuana mtDNA telomeres can

exists in either a open or a closed conformation (Figures 2.4 and 2.5).
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Discussion
Nucleotide-composition Bias in the P. capuana MtDNA

The P. capuana mtDNA has the highest GC content (57.2%) of any completely
sequenced mitochondrial (or organelle) genome currently deposited in the NCBI
organelle genome data bank (http://www.ncbi.nlm.nih.gov/genomes/static/euk o.html;
July, 2007). Heretofore, all completely sequenced green algal mitochondrial genomes
have had a GC content below 46%, which leads to the question: why is the mtDNA of P.
capuana GC rich? Or alternatively, why is it so AT poor? Hypotheses about biased
nucleotide composition fall into two categories, which we will call: selectionist- and
neutralist-based. The former suggest that nucleotide bias is the result of natural selection;
for example, this approach is often used to argue that GC richness is an adaptation to
homeothermy (Jabbari and Bernardi 2004) or UV tolerance (Singer and Ames 1970;
Kellogg and Paul 2002). In opposition, neutralist-based hypotheses posit that nucleotide
inequities arise by either biased mutation pressure or biased gene conversion (BGC).
Biased mutational pressure is often applied to the low GC content of organelle and
endocellular parasite genomes (Dybvig and Voelker 1996; Ogata et al. 1998; Kusumi and
Tachida 2006), whereas BGC, which results from biased repair of mismatches in
heteroduplexed recombination intermediates (Eyre-Walker 1993; Holmquist 1992;
Galtier et al. 2001; Galtier and Duret 2007), has been correlated to GC richness.
Furthermore, gene conversion, which is believed to occur in organelle genomes (Birky
and Walsh 1992; Walsh 1992; Khakhlova and Bock 2006; Tatarenkvo and Avise 2007),
may be GC biased in mitochondrial systems: a positive correlation between the GC
content of repeat sequences and their recombinogenic properties in mitochondrial
genomes has been observed in fungi and plants (Dieckmann and Gandy 1987; Clark-
Walker 1989; Weiller et al. 1991; Nakazono et al. 1995) and has been suggested for
certain Reinhardtinia-clade green algae (Boer and Gray 1991; Nedelcu 1997, 1998;
Nedelcu and Lee 1998).

Within the P. capuana mtDNA, the GC bias is highest at what are typically
regarded as among the most neutrally evolving positions (intergenic and four-fold
degenerate sites) and it is lowest at what are generally considered more functionally

constrained positions (first and second codon sites). This disproportion of GC content

13



among the different regions of the P. capuana mitochondrial genome is best explained by
the negative selection principle of the neutral theory of molecular evolution (Kimura
1983). If a neutral process is responsible for the GC bias of P. capuana mtDNA, is that
process the effect of biased mutation pressure or BGCgc? — or both? Any attempt to
choose between these possibilities is purely speculative; however, we tend to favor a
predominant role of BGCgc, for reasons discussed below.

Duret et al. (2006) proposed that in the nuclear DNA of mammals the GC content
of a given region reflects a balance between an AT-biased mutation process and BGCgc
(a GC-biased fixation process). They further suggest (following the theory of Galtier
2004) that GC-rich regions form rapidly during times when the recombination rate is high
enough for BGCgc to be effective; then, once the recombination rate decreases, the GC
content declines slowly as a result of AT-mutation pressure. If we suppose that
mitochondrial genomes have an AT-biased mutation process and that gene conversion in
mtDNA is GC biased, we can apply Duret’s model to mitochondrial systems. Under this
premise, the history of most mitochondrial genomes would reflect an AT-biased mutation
process and a recombination rate where BGCgc is ineffective, thereby giving rise to AT-
rich mitochondrial genomes. For the mtDNA of P. capuana, however, we suggest a
recent history with high levels of recombination, thus, shifting the nucleotide
composition towards G and C. According to this hypothesis, any new mutation in one of
the multiple copies of the P. capuana mtDNA that results in heteroplasmy, where one
allele is AT at a given site and the other allele is G+C at the same position, should be
preferentially converted to the G+C allele via BGCgc. Reasons why the P. capuana
mtDNA may have undergone an increased rate of recombination would have to be
entirely suppositional at this time. One intriguing observation, however, is that the isolate
of P. capuana used for this research came from Italy (Capua), whereas the available
mtDNA sequences of P. parva come from a strain isolated in the UK (Cambridge). Sun
exposure between these two regions differs substantially, invoking the possibility that an
elevated recombination rate may be a repair response to UV damage in the P. capuana
mtDNA; but because little is known about the full habitat range of either P. capuana or

P. parva, little weight can be placed on this observation. Moreover, we have been unable

14



to get P. capuana to form cysts in the laboratory, unlike the other known species of

Polytomella, which may make it more susceptible to UV damage.

The P. capuana MtDNA in Relation to Other Linear Mitochondrial Genomes

The P. capuana mitochondrial genome is one of several examples of linear
mtDNA from the Reinhardtinia clade of chlorophycean green algae (for a compilation
see Laflamme and Lee 2002; Mallet and Lee 2006; Popescu and Lee 2006). When
comparing the telomeres of the P. capuana mtDNA with those of other Reinhardtinia-
clade algae for which telomere data are available (namely C. reinhardtii and P. parva),
no universal themes are apparent. Both the length and sequence of the telomeres in the P.
capuana mtDNA differ substantially from those of P. parva and C. reinhardtii.
Furthermore, the terminal structures of the P. capuana mtDNA, which appear to exist in
either closed (hairpin loop) or open (nicked loop) conformations, are different from those
of C. reinhardtii, which are made up of 3" single-stranded extensions (Vahrenholz et al.
1993). We are unable to exclude the possibility that the open telomeric conformation is
the result of nicking during the DNA extraction process and does not normally exist in
vivo. P. capuana is not the first example of a linear mtDNA with terminal hairpins; they
are found in the linear mitochondrial genome of the yeast Pichia (Dinouél et al. 1993), at
one end of the Paramecium mtDNA (Pritchard and Cummings 1981), and also in the
mitochondrial plasmid of the plant pathogenic fungus Rhizoctonia solani (Miyashita et al.
1990). Other examples of this telomeric structure come from viruses of eukaryotic cells
(Baroudy et al. 1982; Gonzalez et al. 1986), including a virus that infects certain species
of the green-algal genus Chlorella (Rohozinski et al. 1989), and from the bacterial
plasmids of the genus Borrelia (Hinnebusch and Barbour 1991).

All linear genomes must develop a strategy to overcome the end-replication
problem, as defined by Olovnikov (1971) and Watson (1972). For the C. reinhardtii
mitochondrial genome, two replication models have been proposed (Vahrenholz et al.
1993). One model involves reverse transcription of an internal repeat via a putative
mitochondrial encoded reverse transcriptase (7#/), whereas the second model takes into
account that the reverse transcriptase gene may be non-functional. No open reading

frames resembling a reverse transcriptase-like gene were found in the P. capuana (or P.
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parva) mitochondrial genome, and the fact that the structure of its telomeres depart from
that of C. reinhardtii suggest that it uses a different replication strategy. Although in the
case of P. capuana no strategy is apparent, many replication models for linear genomes
with terminal hairpins have been suggested (Cavalier-Smith 1974; Bateman 1975;
Pritchard and Cummings 1981; Baroudy et al. 1983; Dinouél et al. 1993; Traktman
1996).

Origin of MtDNA Fragmentation in the Polytomella Genus

Although linear, fragmented mitochondrial genomes have been observed in other
eukaryotic lineages, including four classes of Cnidaria (Warrior and Gall 1985; Bridge et
al. 1992; Ender and Schierwater 2003) and the ichthyosporean Amoebidium parasiticum
(Burger et al. 2003), the Polytomella genus represents a unique example in that
substantial mtDNA sequence data exist for both a linear fragmented and a linear intact
genome from two closely related taxa, thus, allowing for comparative analyses.

Assuming that the linear bipartite mitochondrial genome of P. parva was derived
from an ancestral unfragmented, linear molecule, we can posit that the ancestral mtDNA
conformation may have been similar to that of P. capuana: a single linear chromosome
with terminal inverted repeats. Furthermore, since the gene arrangement of the
unfragmented P. capuana mitochondrial genome is parallel to that of the fragmented P.
parva mitochondrial genome — fragmentation notwithstanding — we can consider the
ancestral Polytomella gene arrangement to be equivalent to that of P. capuana, where the
gene encoding nad6 is found internal to the left telomere. Under these premises, the P.
capuana mitochondrial genome can act as a model for understanding fragmentation of
the ancestral Polytomella mtDNA.

Several features of the P. capuana mtDNA suggest that the nad6 gene is in an
unstable region. Its terminal position lends itself to recombination and possible
fragmentation more readily than other internally located genes: recombination rates have
been shown to be higher at the termini of linear chromosomes as compared to their more
centrally located regions (Eichler and Sankoff 2003; See et al. 2006;). Also, the
intergenic sequence between the nad6 and cob genes is comprised of a potentially

unstable GC-rich inverted repeat: in the mitochondrial genomes of Neurospora cerevisiae

16



and Saccharomyces cerevisiae GC-rich inverted repeats were shown to have inflated
rates of recombination causing genome rearrangements or deletion mutations that were
maintained in the population of mtDNAs (Clark-Walker 1989; Almasan and Mishra
1988). In fact, portions of the P. capuana nad6/cob intergenic sequence were found
inserted into both nad5 and the telomeres, indicating that this sequence may have mobile
properties, perhaps similar to those of the GC clusters found in the mtDNA of certain
Saccharomyces species (de Zamaroczy and Bernardi 1986). By using a portion of the
short inverted repeat sequences in the nad6/cob intergenic region and homologous
sequences in the telomere regions, we were able to outline a scenarios involving
illegitimate recombination between P. capuana mitochondrial genomes, which produce
products structurally similar to the 3.5 kb and 13.5 kb mtDNAs of P. parva, respectively
(Figure 2.6A). Polytomella lineages with fragmented mtDNA forms (as described in
Figure 2.6A) may have become fixed by random genetic drift, especially if the
populations went through a bottleneck. According to this possibility, one might expect an
ongoing, low-level production of such fragmented mtDNA forms from the intact mtDNA
structure in P. capuana. Although we were not able to detect these forms by a PCR
approach, we were able to reliably detect PCR products, using a wide range of primer
combinations, that are consistent with other illegitimate recombination events involving

the short inverted repeat sequences in the telomere regions as shown in Figure 2.6B.

Short Inverted Repeats in MtDNA

The short GC-rich inverted repeat sequences in the P. capuana mtDNA evoke
several questions regarding their evolution and function, such as: 1) do they play a role in
gene expression, ii) do they have mobile properties, and iii) are they related to the
inverted repeats found in other mitochondrial genomes. Inverted repeat sequences
capable of forming stem-loop structures have been described in the mitochondrial
genomes of animals, fungi, plants, and a series of Reinhardtinia-clade algae including C.
reinhardtii (Boer and Gray 1986; Boer and Gray 1991), and two species of Volvox (Aono
et al. 2002). In the above cases the inverted repeat sequences are generally restricted to
intronic or intergenic regions, and in many cases they have been implicated in mobility or

RNA processing (Boer and Gray 1986; Boer and Gray 1991; Nedelcu and Lee 1998;
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Aono et al. 2002). What distinguishes the inverted repeats of the P. capuana mtDNA
from those of most other mitochondrial systems is that they span both coding and
noncoding DNA, often resulting in stem-loop structures that contain the start or the end
of a gene; this arrangement suggests that the inverted repeats and their putative secondary
structures may have a role in gene expression, perhaps akin to mammalian mitochondrial
systems, where large poly-cistronic transcripts are processed by cleavage at the
boundaries of tRNA sequences, which flank almost every gene (Clayton 1984). We are
aware of only one other mitochondrial genome with a similar orientation of inverted
repeats: the dinoflagellate Amphidinium carterae (Nash et al. 2007); however, the utility
of the repeats within this taxon are also unknown. The absence of inverted repeat
sequences from the P. parva mitochondrial genome indicates that the inverted repeats in
the P. capuana mtDNA may be invasive elements, conceivably appearing in P. capuana
after it diverged from its common ancestor with P. parva; but we can not eliminate the
possibility that the elements were lost from the P. parva mtDNA. Two of the inverted
repeats share sequence identity with other parts of the genome; 20 nt of the cox1/nad4
hairpin structure was found inserted into nad6, and 12 nt of the cob/nad6 stem was
inserted into nad5. This suggests that some of the inverted repeat sequences in the P.
capuana mitochondrial genome may have mobile properties, but the lack of conservation
in primary sequence among the different inverted repeats implies that if there is mobility

it may be dependent on secondary structure rather than a specific nucleic acid sequence.
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Table 2.1. Nucleotide Composition by Region of the P. capuana MtDNA

Overall Coding® Intergenic Telomeres Codon Site Position
Site 1 Site 2 Site 3
Pc Pp Cr Pc Pp Cr Pc Pp Cr Pc Pp Cr Pc Pp Cr Pc Pp Cr Pc Pp Cr
%A 19.5 27.2 27.6 18.2 259 22.7 15.0 38.4 30.0 25.6 249 26.7 22.9 26.2 247 17.5 18.9 16.4 8.1 27.5 155
%T 233 31.8 27.2 254 344 322 17.1 32.7 30.5 15.7 31.2 18.8 24.8 29.5 27.2 41.2 41.8 42.8 159 374 384
% C 284 199 224 284 194 21.9 35.0 15.0 20.7 27.8 229 31.2 20.3 169 17.5 22.8 209 21.5 42.8 20.9 263
%G 28.8 21.1 22.8 28.0 20.3 23.2 33.0 13.9 18.8 30.9 21.1 233 319 27.3 30.5 18.5 18.4 19.3 332 142 198
%GC 57.2 41.0 45.2 56.4 39.7 45.1 68.0 28.9 39.5 58.7 44.0 545 52.2 442 48.0 41.3 39.3 40.8 76.0 35.1 46.1

Note: Pc — Polytomella capuana; Pp — Polytomella parva; Cr — Chlamydomonas reinhardtii.

“Based on protein-, rRNA-, and tRNA-coding regions.
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Figure 2.1. Genetic Maps of the P. capuana and the P. parva MtDNAs

Protein-coding, rRNA-coding, and terminal inverted repeat (IR) regions are shown in
light gray, dark gray, and black, respectively. S1-S4 and L1-L8 denote the small subunit
and large subunit rRNA-coding modules, respectively; trnM (cau) signifies the gene for
tRNA™, Thick solid arrows indicate transcriptional polarities. Restriction sites for EcoRI
(E) and BamH]1 (B) are shown on the P. capuana mtDNA map, and the fragments
identified by brackets above this restriction map (left terminal restriction fragment [LTF]
and right terminal restriction fragment [RTF]) represent the location of molecular probes

used in this work. The checkered regions on these maps are at present unsequenced.
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Figure 2.2. Putative Stem-loop Structures Inferred From the P. capuana MtDNA
Sequence

Name (based on genome location), genome coordinates (nt), and folding energy (dG) at
37°C are given beneath each secondary structure, respectively. If the “loop” component
of the secondary structure is larger than 10 nt, it is depicted by a hollow black circle with
its size shown in the center. The predicted start and stop sites of coding regions are
shaded; when these sites occur within one of the depicted loop structures their position in

the genome is shown.

21



Closed Telomeric Conformation

Jau e mnm

Telomere DNA

S mmm

220 nt

|}

. 1
Coding DNA ss loop  *
L4

Loas WalkFeR,

Open Telomeric Conformation L .3
670 nt WOz
. | | A
5 3’-III-IIIII-IIIIII----------““
! TdT tailing
Coding DNA Telomere DNA Long Walk PCR

9 ----------'.

3

Figure 2.3. MtDNA Telomere Conformation of P. capuana

TdT tailing and long walk PCR reactions were independently performed on terminal
restriction fragments (LTF and RTF from Figure 2.1) coming from the left and right ends
of the P. capuana mtDNA. Sequencing of the long walk PCR and TdT tailing products
suggest that the telomeres can exist in either a closed (hairpin loop) or an open (nicked
loop) conformation. Products obtained by either long walk PCR or TdT tailing are
depicted with a dashed line.
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Figure 2.4. Southern Blot Analysis of the P. capuana MtDNA-enriched Fraction
with Telomere Probes

(A) When the mtDNA of P. capuana is digested with EcoRI or BamHI and run on an
ethidium-bromide-stained agarose (1%) gel each of the terminal fragments, as defined by
the restriction map (Figure 2.1), appear as two bands: the left terminal fragment (L [main
band] and L* [shadow band]) and the right terminal fragment (R [main band] and R*
[shadow band]). (B) The Southern blot of the gel probed with a labeled 700 nt PCR-
amplified portion of the telomeres shows that both the main bands and shadow bands are
efficiently labeled. These results are consistent with telomere structures where the main
band represents a closed (hairpin loop) conformation and the shadow band represents an

open (nicked loop) conformation (Dinouél et al. 1993).
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Figure 2.5. Denaturing Gel Electrophoresis and Southern Blot Analysis of the P.
capuana MtDNA Terminal Restriction Fragments

The EcoR1-generated left terminal main band (L) and shadow band (L*) and BamH1-
generated right terminal main band (R) and shadow band (R*) restriction fragments were
excised from a non-denaturing agarose gel and run under denaturing conditions in a
formamide agarose (1%) gel. Based on their migration pattern under nondenaturing
conditions (Figure 2.4), the main-band restriction fragments (L and R) migrated as
molecules of twice their expected lengths while the shadow-band restriction fragments
(L* and R*) migrated as molecules of their expected lengths. This suggests that the main-
band restriction fragments are held together by a terminal loop structure. The initial
lengths (kb) of the nondenatured fragments were as follows: L (1.1), L* (1.2), R (0.9), R*
(1.0). In the denaturing gel, L and R gave bands of approximately 2.1 kb and 1.8 kb,
respectively. The labeled probe was a 700 nt PCR-amplified portion of the telomeres.
The Fermentas GeneRuler 1 kb DNA ladder is shown in the left-most lane.
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A. Hypothetical Recombination Events Leading to
Fragmentation of the Polytomella capuana mtDNA
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B. Potential Origin of a nad6-nad1 Linked PCR Product
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Figure 2.6. Fragmentation of Polytomella MtDNA

(A) Outline of two scenarios involving illegitimate recombination between short inverted
repeats in the P. capuana mtDNA that produce products structurally similar to the 3.5 kb
and 13.5 kb mtDNAs of P. parva. (B) PCR product consistent with an illegitimate
recombination event involving the short inverted repeat sequences in the telomere regions

resulting in a nad6/nad-linked fragment. Arrows represent the short inverted repeats.
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CHAPTER 3: EVOLUTION OF MITOCHONDRIAL DNA IN THREE KNOWN
LINEAGES OF POLYTOMELLA

Published as:
Smith DR, Jimeng Hua, Lee RW (2010) Evolution of linear mitochondrial DNA in three
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Abstract

Although DNA sequences of linear mitochondrial genomes are available for a
wide variety of species, sequence and conformational data from the extreme ends of these
molecules (i.e., the telomeres) are limited. Data on telomeres are important because they
can provide insights into how linear genomes overcome the end-replication problem. This
study explores the evolution of linear mitochondrial DNAs (mtDNAs) in the green-algal
genus Polytomella (Chlorophyceae, Chlorophyta), the members of which are non-
photosynthetic. Earlier works analyzed the linear and linear, fragmented mitochondrial
genomes of Polytomella capuana and Polytomella parva. Here we present the mtDNA
sequence for Polytomella strain SAG 63-10 (also known as Polytomella piriformis
[Pringsheim 1963]), which is the only known representative of a mostly unexplored
Polytomella lineage. We show that the P. piriformis mtDNA is made up of two linear
fragments of 13 and 3 kilobases (kb). The telomeric sequences of the large and small
fragments are terminally inverted, and appear to end in vitro with either closed (hairpin
loop) or open (nicked loop) structures as also shown here for P. parva and shown earlier
for P. capuana. The structure of the P. piriformis mtDNA is more similar to that of P.
parva, which is also fragmented, than to that of P. capuana, which is contained in a
single chromosome. Phylogenetic analyses reveal high substitution rates in the mtDNA of
all three Polytomella species relative to other chlamydomonadalean algae. These elevated
rates could be the result of a greater number of vegetative cell divisions and/or small
population sizes in Polytomella species as compared with other chlamydomonadalean

algae.

Introduction

Although it was once assumed that all mitochondrial genomes are circular
molecules (or at least circularly-mapping molecules), it is now well established that linear
and linear fragmented mitochondrial genomes have evolved numerous times in diverse
eukaryotic lineages (for examples and references see Table 3.1). Linear mitochondrial
DNAs (mtDNAs) are defined not only by the fact that they migrate as linear molecules in
gel electrophoresis analyses but also by the presence of specialized terminal structures

called telomeres (Nosek and Tomaska 2002, 2003). Nucleotide sequence data of linear
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mitochondrial genomes are available for a wide variety of species (reviewed by Nosek et
al. [2004a]); however, in many cases sequence data from the extreme ends (i.e.,
telomeres) of linear mtDNAs are unavailable. This is primarily because the telomeres of
linear mitochondrial genomes often have terminal conformations that are unamenable to
PCR and cloning, such as 3" or 5" overhangs or covalently-closed ends (Nosek and
Tomaska 2002, 2003). Indeed, many of the linear mtDNAs that are listed in GenBank as
“complete genome sequences” are missing sequence data from their telomeres. This is
unfortunate because by knowing the sequence and end conformation of telomeres, one
can gain insights into how linear mitochondrial genomes overcome the end-replication
problem, as defined by Olovnikov (1971) and Watson (1972), a problem which is not
only interesting from a genome-evolution perspective but one which has important
implications for cancer research (Nosek et al. 2004a).

One eukaryotic lineage that has many species with linear mtDNAs is the
“Reinhardtinia clade,” sensu Nakada et al. (2008), a monophyletic group of green algae
found within the chlorophycean class of the Chlorophyta (Lewis and McCourt 2004).
Almost all of the Reinhardtinia-clade mtDNAs that have been examined appear to be
either linear or linear fragmented (Laflamme and Lee 2003) with the exception of the
Volvox carteri mtDNA, which assembles as a circular molecule (Smith and Lee 2010;
Chapter 7). Conversely, all of the characterized green algal mitochondrial genomes from
outside this clade map as circular molecules, save for the mtDNAs of some Lobochlamys
taxa, which may be linear fragmented (Borza et al. 2009).

The first mtDNA from the Reinhardtinia clade to be completely sequenced was
that of the model organism Chlamydomonas reinhardtii (Gray and Boer 1988; Michaelis
et al. 1990). This 16 to 19 kilobase (kb) linear genome has inverted-repeat telomeres of
~600 nucleotide (nt) that each contain an ~40 nt, non-complementary 3" extension. The
only other well-studied Reinhardtii-clade linear mtDNAs come from algae within the
Polytomella genus — a group of non-photosynthetic, naturally-wall-less unicells
(Pringsheim 1955).

Fan and Lee (2002) sequenced the Polytomella parva mtDNA and reported that it
1s made up of two linear fragments of ~13.5 and ~3.5 kb with nine and one gene,

respectively. Like the C. reinhardtii mtDNA, the telomeres of both fragments form ~1.3
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kb inverted repeats; however, it was assumed that the DNA sequence of the extreme
telomere ends was not determined and no potential telomere conformation was proposed.
Further work by Mallet and Lee (2006), using a cox! phylogeny, revealed that there are
at least three distinct lineages of Polytomella: two that are closely related and represented
by P. parva and Polytomella strain SAG 63-10 (referred to hereafter by its original
nomen nudum name of Polytomella piriformis [Pringsheim 1963]), and a third, deep-
branching lineage represented by Polytomella capuana. Gel-electrophoresis- and
Southern-blot-analyses suggested that the P. capuana mtDNA is contained in a single
linear chromosome (Mallet and Lee 2006), whereas unpublished data (Mallet MA and
Lee RW, personal communication) seemed to indicate that the mitochondrial genome of
P. piriformis, like that of P. parva, is a linear bipartite molecule.

Smith and Lee (2008a; Chapter 2) confirmed the linear monomeric conformation
of the P. capuana mitochondrial genome by obtaining its complete DNA sequence. They
found the P. capuana mtDNA to be a 13-kb linear molecule with ~0.9 kb inverted-repeat
telomeres that terminate in vitro with either a closed (hairpin-loop) or an open (nicked-
loop) conformation. It was also shown that the gene located on the ~3.5 kb mtDNA
chromosome in P. parva (i.e., nad6) is found internal to the left telomere on the P.
capuana mtDNA; based on the position of this gene, Smith and Lee (2008a; Chapter 2)
proposed a recombination-driven scenario of how the linear intact mtDNA of P. capuana
could be converted into a linear fragmented form like that of P. parva. An additional and
unexpected observation was that the P. capuana mtDNA, unlike that of P. parva, is rich
in guanine and cytosine (GC rich), which is an unusual and, at that time, unprecedented
trait for an organelle genome (Smith and Lee 2008a; Chapter 2).

This study examines mitochondrial-genome evolution in P. piriformis, the only
known representative of a third and mostly unexplored Polytomella lineage (Mallet and
Lee 2006). The mtDNA sequence of P. piriformis, including the sequence and structure
of the telomeres, is described and compared with those from other Polytomella species.
Moreover, to complement our P. piriformis mtDNA sequence data, we confirmed the
sequence of the P. parva mtDNA telomeres, which were reported to be only partially
sequenced (Fan and Lee 2002). The ultimate aims of this study are to: 1) confirm if the

mtDNA of P. piriformis is fragmented like that of P. parva or linear-intact like that of P.
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capuana; 11) gain insight into mtDNA telomere evolution and how linear mitochondrial
genomes overcome the end-replication problem; and iii) provide complete mtDNA
sequence data, including the structure of the telomeres, for members from each of the

three known Polytomella lineages.

Materials and Methods
Polytomella Strains

Polytomella strain SAG 63-10 was obtained in 2004 from the Sammlung von
Algenkulturen in Goéttingen, Germany, whereas P. parva (UTEX L 193) was obtained
from the Culture Collection of Algae at the University of Texas at Austin around 1994.
SAG 63-10 was originally isolated by E.G. Pringsheim at the Gottingen Botanical
Gardens sometime before 1963 (Pringsheim 1963; SAG website [http://sagdb.uni-

goettingen.de/]). When Pringsheim first described strain 63-10 he named it Polytomella
piriformis (Pringsheim 1963), a name we will use here; however, this name is currently
considered a nomen nudum because a taxonomically valid description of P. piriformis

was never published.

Sequencing the P. piriformis and P. parva MtDNAs

Culturing, mitochondrial enrichment, DNA extraction and amplification, mtDNA
sequencing, and Southern blot analyses of P. piriformis and P. parva followed the same
protocols as previously described for P. capuana (Smith and Lee 2008a; Chapter 2).
Reverse transcriptase (RT) PCR reactions were performed with the SuperScript II1 One-
Step RT-PCR System (Invitrogen, Carlsbad, CA) following the manufacturer's protocol.
DNA sequencing was performed on both strands using a 3730x]1 DNA Analyzer (Applied
Biosystems, Foster City, CA) at the Macrogen Sequencing Facility in Rockville, MD.

Sequence Analyses

Sequences were assembled using CodonCode Aligner Version 3.0.1 (CodonCode
Corporation, Dedham, MA), which employs the Phred, Cross-match, and Phrap

algorithms for base calling, sequence comparison, and sequence assembly, respectively.
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Assemblies were performed with a minimum-percent-identity score of 98, a minimum-
overlap length of 500 nt, a match score of 1, a mismatch penalty of -2, a gap penalty of -
2, and an additional first-gap penalty of -3. The boundaries of the P. piriformis
mitochondrial rRNA-coding modules were estimated by sequence comparisons with their
counterparts in the P. parva and P. capuana mtDNAs. Multiple alignments of DNA
sequences were performed with CLUSTAL W (Thompson et al. 1994) using the default
settings. The maximum-likelihood phylogeny was constructed with PAUP* version
4.0b10 (Swofford 2003) using the general time reversible model (GTR + I + G), which
was chosen by Modeltest (version 3.7 [Posada and Crandal 1998]) as the best-fit model
of nucleotide substitution for our given dataset. The tree was built using the first and
second codon positions of the mtDNA-encoded proteins shared among all completely

sequenced chlorophycean mtDNAs.

Nucleotide Sequence Accession Numbers

The nucleotide sequence of the P. piriformis mitochondrial genome is deposited
in GenBank under the accession numbers GU108480 (13 kb fragment) and GU108481 (3
kb fragment).

Results and Discussion
P. parva MtDNA Telomeres

To complement our P. piriformis mtDNA sequence data, we attempted to finish
sequencing the P. parva mtDNA telomeres. Fan and Lee (2002), using agarose gel
electrophoresis data, estimated that the P. parva mitochondrial genome is separated into
two fragments of 13.5 and 3.5 kb. Thus, when Fan and Lee (2002) cloned, sequenced,
and assembled the two P. parva mtDNA fragments and ended up with contigs of 13 and
3 kb, they believed that they were missing approximately 250 nt of telomeric sequence
from the ends of each chromosome. Here, using DNA isolated from a mitochondria-
enriched fraction of P. parva (UTEX L 193), we performed terminal deoxynucleotidyl
transferase (TdT) tailing experiments (Forstemann et al. 2000 and Bah et al. 2004) on the

large and small mtDNA fragments. Analyses of the resulting telomeric sequence data
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indicate that Fan and Lee (2002) completely sequenced the P. parva mitochondrial
genome — we found no evidence that the telomeres extend beyond the sequence that
they generated. Therefore, the two P. parva mtDNA fragments appear to have lengths of
~13 and 3 kb. The reason why these mtDNAs migrate as ~13.5 and 3.5 kb molecules in
agarose gel electrophoresis analyses may be linked to the conformation of their telomeres

(discussed further below).

Characterization of the P. piriformis Mitochondrial Genome

When DNA was isolated from a mitochondria-enriched fraction of P. piriformis
and run on agarose gels, two distinct bands with estimated sizes of 13.5 and 3.5 kb
(referred to hereafter as the large and small fragments) were consistently observed after
staining with ethidium bromide (Figure 3.1). Both of these bands co-migrated with linear
DNA markers under various concentrations of agarose (data not shown), supporting the
hypothesis that they represent linear molecules. DNA sequencing confirmed that both
fragments are components of the P. piriformis mitochondrial genome. This conclusion
was supported by Southern blot hybridization experiments using P. piriformis mtDNA
probes (Figure 3.2). Southern blot analyses also identified a P. piriformis-mtDNA-
hybridizing band of ~1.8 kb, which was not visible on ethidium bromide stained gels but
was consistently observed in Southern blots using different DNA isolates of P. piriformis
(Figure 3.2). Probes corresponding to the P. piriformis mtDNA telomeres as well as those
coming from the gene found on the small fragment (nad6) hybridized to the 1.8 kb
component, whereas those designed from genes on the large fragment did not hybridize
to this component. For these reasons, we believe that the 1.8 kb component is derived
from the small fragment but does not represent a primary constituent of the P. piriformis
mitochondrial genome. Similar findings were observed for Polytomella strains coming
from the P. parva lineage, where in addition to the two main mtDNA bands, Southern
blot analyses identified mtDNA-hybridizing components with sizes of 1.8 and 2.1 kb
(Fan and Lee 2002; Mallet and Lee 2006); moreover, Polytomella papillata and
Polytomella magna (both of the P. parva lineage) also showed a mtDNA-hybridizing
band of 5 kb.
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General Features of the P. piriformis Mitochondrial Genome

Complete genetic maps of the P. piriformis large- and small-mtDNA fragments
are shown in Figure 3.3A. For comparison, this figure also contains the mtDNA genetic
maps of P. capuana (Smith and Lee 2008a; Chapter 2), P. parva (Fan and Lee 2002), and
C. reinhardtii (Gray and Boer 1988). Note that unlike the mtDNAs of P. piriformis and
P. parva, which are linear bipartite genomes, those of P. capuana and C. reinhardtii are
linear monomeric molecules (Figure 3.3A). The sequenced lengths of the two P.
piriformis mtDNA fragments are 13,004 and 3,079 nt (accumulative length = 16,083 nt),
which is about the same as that of the two P. parva mtDNAs (3,018 and 13,135 nt;
accumulative length = 16,153 nt) and around 3 kb larger than the linear monomeric
mtDNA of P. capuana, which, at 12,998 nt, is the smallest archaeplastidial mitochondrial
genome observed to date. As was observed for P. parva and P. capuana, the sequenced
lengths of the P. piriformis mtDNAs are approximately 500 nt smaller than what agarose
gel electrophoresis results would suggest. We believe that the conformation of the
mtDNA telomeres is retarding migration of these molecules in agarose gels (discussed
below). In addition to DNA sequencing, the sizes of the P. piriformis mtDNAs were
confirmed by restriction endonuclease digestion experiments (Figure 3.1). We were
unable to PCR amplify circular forms of either the large or small fragments, nor could we
recover products that linked the two molecules together.

Overall, the P. piriformis mitochondrial genome contains ten genes, nine of which
are found on the large fragment (representing six proteins, one tRNA, and two rRNAs)
and one on the small fragment (nad6). The genes on the large fragment are organized into
two unequally sized clusters with opposing transcriptional polarities that proceed
outwards toward the ends of the chromosome. The sole tRNA-coding gene, trnM, has
characteristics that are consistent with a role in elongation rather than initiation, as is true
for the trnM found in other sequenced Reinhardtinia-clade mtDNAs. The two ribosomal-
RNA-coding genes (rrnl and rrns), like those of other chlorophycean mitochondrial
genomes, are fragmented and scrambled (Figure 3.3A). The degree to which the r7n/ and
rrns regions are fragmented (four and eight coding modules, respectively) is the same as
that of the C. reinhardtii and V. carteri mitochondrial genomes. The mtDNA gene

complement and gene arrangement for P. piriformis are identical to those of P. parva
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(which also has a bipartite mtDNA with nad6 isolated on the smallest fragment) and P.
capuana, except that the P. capuana mtDNA is contained in a single chromosome with
nad6 located internal to the left terminal repeat (Figure 3.3A). With only ten mtDNA-
encoded genes, none of which harbour introns, these three Polytomella strains have the
most reduced mitochondrial genomes observed from the Archaeplastida. The only
species known to have even smaller mtDNA gene repertoires are found in the phyla
Apicomplexa and Dinoflagellata, and arguably some species within the supergroup
Excavata (Kairo et al. 1994; Nash et al. 2007).

Of the 16,083 nt that comprise the P. piriformis mitochondrial genome, 10,590 nt
(66%) are coding and 5,493 nt (34%) are noncoding. The latter category can be
subdivided into telomeres and intergenic spacers, which represent 5,233 nt (32.5%) and
260 nt (1.6%) of the genome, respectively. If the telomeres are ignored, the P. piriformis
mtDNA is only 1.6% noncoding, which is inordinately compact for a green-algal
mitochondrial genome (see Figure 7.1 [Chapter 7] for a schematic compilation). Relative
to that of P. piriformis, the P. parva mtDNA has a comparable distribution of coding,
intergenic and telomeric DNA, whereas the P. capuana mtDNA has more intergenic
DNA (555 vs. 260 nt) and the telomeres constitute a smaller fraction of the genome
(13.7% vs. 32.5%); this is because they are shorter than those of P. piriformis and P.
parva (~0.9 kb vs. ~1.3 kb) and because there are only two of them rather than four as in
the P. piriformis and P. parva mitochondrial genomes. Unlike the P. capuana mtDNA,
where inverted repeats, which can folded into stem-loop structures, punctuate all but two
of the genes, the P. piriformis mitochondrial genome contains no obvious inverted-repeat
elements in its intergenic regions. Re-analyses of the P. parva mtDNA reveal the same
conclusion. We cannot say if the lack of short inverted repeats in the P. piriformis and P.
parva mtDNAs is due to an alternative mode of mitochondrial-transcript processing
relative to P. capuana. However, RT-PCR analyses with either P. piriformis, P. parva, or
P. capuana RNA can generate products that span more than one mitochondrial-encoded
gene (up to at least five genes), suggesting that polycistronic mitochondrial transcripts are
being generated in all three of these algae. We were also able to generate RT-PCR

products that spanned most of the telomeric regions from these three Polytomella species.
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The GC content of the P. piriformis mtDNA (42% overall; 41% and 43% for the
large and small fragments, respectively) is unremarkable in comparison to that of P.
capuana, which is one of the more GC-rich mtDNAs observed to date (57%), but
comparable to that of P. parva (41% overall, 40% large fragment, and 42% small
fragment). Among the different regions of the P. piriformis mitochondrial genome, the
telomeres have a higher GC content (45%) than the coding segments (40%) and the
intergenic spacers (37%). This trend is also observed for the P. parva mtDNA. The GC
contents of the different mtDNA codon positions for P. piriformis are 45% (1* position),
39% (2™ position), 36% (3™ position), and 25% (3"-position synonymous sites), which is
similar to that of P. parva (44%aGc1), 39%cc2), 35%:Ge3), and 24%Gesyny) but different
than that of P. capuana (52%Gc1), 41%Gc2), 76%:Ge3), and 85%Gesyny). The fact that the
nucleotide composition of the P. piriformis mtDNA is most biased at what are typically
regarded as among the most neutrally evolving positions in a genome (intergenic and
synonymous sites) and is least biased at the more functionally constrained first- and
second-codon positions, suggests that a neutral process, such as mutation pressure or
biased gene conversion, is driving the nucleotide composition towards A and T.
Similarly, it has been argued that a neutral process is biasing the nucleotide content of the
P. capuana mtDNA; however, unlike for the P. piriformis and P. parva mtDNAs, this
process appears to be skewed towards G and C (Smith and Lee 2008a; Chapter 2).

Another notable feature of the P. piriformis mtDNA is that the nad5 gene has an
alternative start codon: it uses “GTG” instead of “ATG.” The nad5 start codon of P.
parva is also “GTG” but that of P. capuana is the canonical “ATG.” Our RT-PCR
analyses did not reveal any indication that the P. piriformis nad5 “GTG” start codon is
converted to “AUG” via RNA editing. And although it remains to be confirmed, it is
reasonable to assume that the P. parva nad5 “GTG” start codon also remains unedited in
RNA transcripts. These data support the generally held belief that there is no RNA
editing in green-algal mitochondria (Nedelcu et al. 2000; Steinhauser 1999; Turmel et al.
2010). To the best of our knowledge, this is the first recorded example of a
chlorophycean mitochondrial genome with an alternative start codon. There are,

however, many examples of Metazoan mtDNAs that use “GTG” start codons
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(http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=cgenco

des).

P. piriformis MtDNA Telomeres

We obtained the P. piriformis mtDNA telomeric sequences using terminal TdT
tailing (Forstemann et al. 2000; Bah et al. 2004) and long walk PCR (Katz et al. 2000).
The former allowed us to amplify the 3" ends of the telomeres whereas the latter
approach amplified the 5" telomeric ends. See Smith and Lee (2008a; Chapter 2) for a
more detailed description of how these techniques can be used to amplify telomeric
regions.

The P. piriformis mitochondrial telomeric sequences form an inverted repeat (i.e.,
the sequence of one terminus is the reverse complement of the other terminus). Inverted-
repeat telomeres are a common feature among species with linear mtDNAs, and are
found in P. parva, P. capuana, C. reinhardtii, and Pandorina morum as well as in certain
apicomplexans, ciliates, cnidarians, and fungi (Table 3.1). Moreover, linear
mitochondrial plasmids typically end in inverted repeats (Handa 2007). Each of the P.
piriformis mtDNA telomeres is ~1.3 kb in length, which is about the same size as the P.
parva telomeres and 0.4 kb longer than those of P. capuana (Table 3.1). Within each of
the P. piriformis mtDNA fragments, the two telomeric sequences are identical, but the
telomeres between fragments differ slightly (pairwise identity = 93.7%) — for P. parva,
alignments of the mtDNA telomeres of the different fragments gives pairwise identity
values of ~99.5%. We do not know why there is more sequence divergence between the
telomeric sequences of the two P. piriformis mtDNA fragments as compared to those of
P. parva. One explanation is that the mtDNA of P. piriformis has a higher mutation rate
and/or a lower rate of intermolecular gene conversion relative to that of P. parva.
Alignments of the P. piriformis telomeres with those of P. parva gave pairwise identity
values of ~54% (Figure 3.4). These alignments reveal long stretches of unrelated
sequences punctuated with short blocks of what appears to be conserved sequence
elements (Figure 3.4). We were unable to align either the P. piriformis or P. parva
mtDNA telomeres with those of P. capuana or C. reinhardtii.

TdT tailing and long walk PCR analyses suggest that the P. piriformis telomeres
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exist in vitro in two separate conformations: a closed (hairpin loop) conformation and an
open (nicked loop) conformation (Figure 3.1; Figure 3.3C). The nucleotide sequences of
these two telomeric conformations appear to be identical to one another; however, that
from the closed conformation seems to terminate with an ~150 nt single-stranded loop,
whereas in the open conformation this loop is nicked. The location of the nick was shown
to vary but was most often observed at the apex of the loop. Standard-PCR techniques
confirmed the sequence of the telomeric regions. Agarose gel electrophoresis and
restriction digest results provide further support for the idea that the P. piriformis mtDNA
telomeres can have an open or closed conformation (Figure 3.1). These findings are
consistent with data on the P. capuana mtDNA telomeres, which were shown to be either
hairpin loop or nicked loop structures, but for P. capuana the loop portion of the hairpin
1s ~220 nt in length. Preliminary analyses (Smith DR and Lee RW, unpublished data)
suggest that the mitochondrial telomeres of P. parva are also found in either open or
closed conformations. It should be emphasized that at present we cannot rule out the
possibility that the nicked loop telomeric conformation observed for the P. piriformis
mtDNA is the result of nicking during the DNA extraction process. The telomeric
conformations may help explain why the P. piriformis mtDNA fragments migrate as
13.5- and 3.5-kb molecules in agarose gel electrophoresis analyses instead of their
sequenced sizes of 13 and 3 kb. One would expect a linear genome with a 150-nt single-
stranded hairpin loop at each end (or with ~75 nt of noncomplementary DNA at each end
—1.e., nicked loops) to migrate slower in an agarose gel than a linear DNA molecule of
the same size but with blunt ends. This same argument applies to the P. parva and P.
capuana mtDNAs, which also migrate in agarose gels at sizes larger than what DNA
sequencing would suggest (Mallet and Lee 2006; Smith and Lee 2008a; Chapter 2).

Hairpin loop telomeres are not uncommon. In addition to Polytomella mtDNA,
they are found on the mitochondrial genomes of Pichia, Williopsis, and Paramecium
(Pritchard and Cummings 1981; Dinouél et al. 1993), the mitochondrial plasmid of the
plant pathogenic fungus Rhizoctonia solani (Miyashita et al. 1990), the genomes of
certain viruses (Baroudy et al. 1982; Gonzalez et al. 1986; Rohozinski et al. 1989), and
the bacterial plasmids of Borrelia burgdorferi (Hinnebusch and Barbour 1991). Their

wide distribution suggests that hairpin loop telomeres may provide an effective strategy
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for overcoming the end-replication problem.

All linear genomes must overcome the end-replication problem, as defined by
Olovnikov (1971) and Watson (1972). Unlike eukaryotic nuclear genomes, which mostly
employ telomerase to overcome this problem, it is generally accepted that linear mtDNAs
do not use telomerase. A variety of telomerease-independent replication models for linear
genomes with terminal hairpins have been suggested (Cavalier-Smith 1974; Bateman
1975; Pritchard and Cummings 1981; Baroudy et al. 1983; Dinouél et al. 1993; Traktman
1996). Many of these models center on the fact that a DNA molecule with closed ends is
essentially a single-stranded circle, meaning that conventional DNA replication should be
sufficient to amplify the entire molecule. Based on the nucleotide sequences of P.
piriformis, no obvious mode of replication is apparent. However, the fact that we observe
both closed and nicked loop terminal conformations is indicative of a Cavalier-Smith,
Bateman-type model (1975), where conventional DNA replication proceeds through the
terminal hairpins and generates a double-stranded circular molecule, which is then cut at
the palindromic sequences by endonucleases followed by unpairing of the two strands

and finally self-pairing and ligation of the ends.

Mitochondrial Genome Evolution of Reinhardtinia-clade Algae

Completion of the P. piriformis mitochondrial genome sequence allows for a
more thorough phylogenetic evaluation of Polytomella species. Previously, Mallet and
Lee (2006) performed a phylogenetic analysis using cox/ sequence data from seven
Polytomella strains, including P. piriformis, and showed that these strains form three
distinct lineages, which are represented by P. capuana, P. parva, and P. piriformis, with
the P. parva lineage containing five of the seven strains tested. Here, we ran a maximum-
likelihood phylogeny using the concatenated DNA sequences of seven mtDNA-encoded
proteins from the three Polytomella species plus six other chlorophycean algae for which
complete or almost-complete mitochondrial-genome sequences are available. Our results
support those of Mallet and Lee (2006): we find that P. piriformis, P. parva, and P.
capuana represent separate distinct lineages within the “Polytomella clade,” and that P.
capuana is the deepest branching of the three Polytomella species (Figure 3.5). This
analysis as well as that of Mallet and Lee (2006) reveals high rates of mtDNA evolution

38



for all three Polytomella species relative to other chlamydomonadalean algae (Figure
3.5). Previous phylogenic analyses (Proschold et al. 2001; Nakada et al. 2008) show high
rates of nucleotide substitution in the P. parva nuclear-encoded SSU rRNA gene relative
to that of other chlamydomonadalean algae, therefore, suggesting that rapid evolutionary
rate is a feature of the Polytomella lineage and not any one genetic compartment. Such a
lineage feature could result from an enhanced number of mutations and/or an elevated
level of mutation fixation in the Polytomella lineage relative to that of other
chlamydomonadalean algae as discussed earlier for P. parva (Fan and Lee 2002).

P. piriformis is the seventh chlamydomonadalean alga (fourth from the
Reinhardtinia clade) to have its mtDNA completely sequenced; moreover, almost
complete mtDNA sequences are available for V. carteri and C. incerta, and mtDNA gel-
electrophoresis results exist for a variety of other chlamydomonadalean species (Table
3.1). Altogether, these data allow for an intricate picture of the evolution of mitochondrial
genome architecture in the Chlamydomonadales. We have summarized on a phylogenetic
tree some of the diverse features of mitochondrial genome architecture in this group and
proposed the events leading to their origin (Figure 3.6). It remains to be determined if this
diversity in mitochondrial genome architecture in the Chlamydomonadales is greater than

that of other comparable green algal groups or is the result of unequal sampling.
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Table 3.1. Available Organelle-genome Data for Chlamydomonadalean Green Algae (With Some Examples of Non-green-algal

Linear MtDNAS)
Genus and Clade® Mitochondrial Genome Mitochondrial-DNA Telomeres Reference
Species (or group) Conformation Size (kb) %GC Conformation Size Telomere %GC (Thesis chapter)
of ends (kb) Type

Chlamydomonadales®

Chlamydomonas ~ Reinhardtinia linear ~14 — — — — — Laflamme & Lee 2003
asymmetrica

Chlamydomonas ~ Reinhardtinia linear ~17.5° ~44° — — — — Popescu & Lee 2007
incerta

Chlamydomonas  Reinhardtinia linear 158<18.9°  ~45 3’ extension ~0.6 TIR ~51 Michaelis et al. 1990,
reinhardtii Smith & Lee 2008b (Chapter 5)

Chlamydomonas  Reinhardtinia linear ~25f — — — — — Laflamme & Lee 2003
sphaeroides

Pandorina Reinhardtinia linear 1938 — — ~1.8- TIR — Moore & Coleman 1989
morum 33

Polytomella Reinhardtinia linear 13.0 57.2 Hairpin loop or ~0.9 TIR 58.7 Smith & Lee 2008a
capuana nicked loop (Chapter 2)

Polytomella Reinhardtinia linear bipartite ~13&3 41.0° Hairpin loop or ~1.3 TIR 44.4 Fan & Lee 2002
parva nicked loop

Polytomella Reinhardtinia linear bipartite ~13&3 42.0° Hairpin loop or ~1.3 TIR 45.7 Smith et al. 2010a
piriformis nicked loop (Chapter 3)

Sphaerellopsis Reinhardtinia linear ~25" — — — — — Laflamme & Lee 2003
aulata

Volvox carteri Reinhardtinia circular® ~35°¢ ~34° N/A N/A N/A N/A Smith & Lee 2009b, 2010
f. nagariensis (Chapter 7; Appendix E)

Chlamydomonas Moewusinia circular 229 34.6 N/A N/A N/A N/A Denovan-Wright et al. 1998
eugametos

Chlamydomonas Moewusinia circular ~21 — N/A N/A N/A N/A Boudreau et al. 1994
moewusii

Chlamydomonas Moewusinia circular ~16.5 — N/A N/A N/A N/A Boudreau & Turmel 1995
pitschmannii

Lobochlamys QOogamo- linear fragmented — ~60 — — — — Borza et al. 2009
culleus chlamydinia

Lobochlamys QOogamo- fragmented® 320 ~55 — — — — Borza et al. 2009
segnis chlamydinia

Chlorogonium Chlorogonia circular 22.7 37.8 N/A N/A N/A N/A Kroymann & Zetsche 1998
elongatum

Dunaliella Dunaliellinia circular 28.3 344 N/A N/A N/A N/A Smith et al. 2010b
salina (Chapter 8)
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Genus and Clade® Mitochondrial Genome Mitochondrial-DNA Telomeres Reference
species (or group) Conformation Size (kb) %GC Conformation Size Telomere %GC
of ends (kb) Type

Other examples of linear mtDNAs

Aurelia Cnidaria linear 16.9 333 — ~0.4 TIR ~30 Shao et al. 2006
aurita

Hydra Cnidaria linear bipartite 82&7.7 23.7¢ — ~0.2 TIR ~52 Voigt et al. 2008
magnipapillata

Hydra Cnidaria linear 16.3 23.7 — ~1.5 TIR ~35 Kayal & Lavrov 2008
oligactis

Candida Yeast linear 32.7 23.8 5’ extension ~1.4 TIR (TR) 15.2 Nosek et al. 2004b
parapsilosis

Ochromonas Chrysophyta linear 41.0 ~26 N/A N/A N/A N/A Coleman et al. 1991
danica

Tetrahymena Ciliata linear 42.1 ~21 — 2.7 TIR (TR) ~27 Burger et al. 2000
pyriformis

Theileria Apicomplexa linear 6.6 21.3 — ~0.45 TIR ~29 Shukla & Nene 1998
parva

Note: N/A, not applicable; (—), data not available; TIR, terminal inverted repeat; TIR (TR), terminal inverted repeat containing
internal tandem repeats.

* Our definition of Chlamydomonadales follows that of Lewis and McCourt (2004); clades are defined by Nakada et al. (2008).
® These data vary because of the presence/absence of optional introns (Smith and Lee 2008b; Chapter 5).

‘ These data are based on almost-complete genome sequences.

4 MtDNA consists of two fragments; data are based on the concatenation of these fragments.

¢ The circular conformation of the V. carteri mtDNA is based on genome-assembly data (Smith and Lee 2010; Chapter 7) and needs to
be confirmed by gel electrophoresis results.

"MtDNAs were at the limit of the linear size range for the gels.
£ It is unknown, at present, if these fragments have circular or linear conformations (Borza et al. 2009).
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Figure 3.1. Gel Electrophoresis Analyses of P. piriformis MtDNA

(A) Agarose (0.8%) gel electrophoresis analyses of P. piriformis mtDNA. Lanes are as
follows: 1) Invitrogen 1 kb Extension Ladder (2 pg); ii) P. piriformis DNA isolated from

a mitochondria-enriched fraction; iii) restriction digest of P. piriformis mtDNA with X#%ol
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and Xbal; iv) Invitrogen 100 bp Ladder (2 ug). Size of DNA markers are shown in
kilobases. Bands marked on gel are as follows: a, P. piriformis mtDNA 13 kb piece; b, P.
piriformis mtDNA 3 kb piece; b*, P. piriformis mtDNA 3 kb piece shadow band; ¢, 9.5
kb Xbal fragment; d, 3.5 kb Xbal fragment; d*, 3.5 kb Xbal fragment shadow band; e, 1.1
kb Xhol fragment; e*, 1.1 kb Xhol fragment shadow band; £, 0.8 kb X%ol fragment. (B)
Physical and genetic map of the P. piriformis mtDNA. Xhol and Xbal restriction sites as
well as their fragment sizes are shown in red. Checkered regions on the terminal inverted
repeats (IR) represent portions of the telomeres that can either have a closed (hairpin-
loop) conformation or an open (nicked-loop) conformation (Dinouél et al. 1993; Smith
and Lee 2008a; Chapter 2). Note, when the P. piriformis mtDNA is digested with Xbal
and Xhol and run on an agarose gel each of the terminal fragments as defined by the
restriction map appear as two bands: a main band (with a closed telomeric conformation),
which migrates as expected and a shadow band (with an open telomeric conformation),

which migrates more slowly.
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Figure 3.2. Southern Blot Analyses of P. piriformis MtDNA

(A) Agarose (0.8%) gel electrophoresis analysis of P. piriformis mtDNA. (B) Southern-
blot analysis of P. piriformis mtDNA using a 600 nt portion of the mitochondrial
telomeres as a probe. Invitrogen 1 kb DNA Extension Ladder (2 pg) (lane 1); P.
piriformis DNA isolated from a mitochondria-enriched fraction (lane ii). Sizes of DNA
markers are shown in kilobases. Bands marked on gel and Southern blot are as follows: a,
P. piriformis mtDNA 13 kb piece; b, P. piriformis mtDNA 3 kb piece; ¢, P. piriformis
mtDNA 1.8 kb piece.
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Figure 3.3. Genome and Telomere Maps of Polytomella and C. reinhardtii MtDNAs

(A) Arrows within the coding regions indicate transcriptional polarities. The small
subunit and large subunit rRNA-coding modules are numbered based on their order in the
gene. Portions of the P. parva and P. piriformis mitochondrial genome maps that are
shaded gray represent regions of gene colinearity with the P. capuana mtDNA. Introns
annotated with an asterisk are optional. (B) and (C) In vitro mtDNA telomere
conformation for C. reinhardtii and Polytomella taxa. Sequencing and agarose gel
electrophoresis analyses suggest that the Polytomella telomeres can exist in either a

closed (hairpin loop) or an open (nicked loop) conformation (see Figure 3.1).
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Figure 3.4. Multiple Alignment of the P. piriformis and P. parva MtDNA Telomeric
Sequences

P. pir, P. piriformis; P. par, P. parva; L and R, mtDNA sequences from the left and right

telomeres (as defined by the genetic map in Figure 3.1B), respectively. Percent-similarity

values for shaded nucleotides are as follows: green, 100%; blue, 80-99%; yellow, 60-

79%. Note, in the alignment position 1 corresponds to the extreme 5" end of the

telomeres. [Figure continues on next page. |
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Figure 3.5. Maximum Likelihood Tree Inferred From the DNA Sequences of the
Seven MtDNA-encoded Proteins that are Shared Among All Completely Sequenced
Chlorophycean MtDNAs

GenBank accession numbers are as follows: P. piriformis (GU108480, GU108481), P.
capuana (EF645804), P. parva (AY 062933, AY062934), C. reinhardtii (EU306622), V.
carteri (GU084821), D. salina (GQ250045), C. eugametos (AF008237), C. elongatum
(Y13643,Y13644, Y07814), and S. obliquus (X17375). All taxa are members of the
Chlorophyceae. The node support values were assessed by bootstrap resampling

calculated using 500 replicates.
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Figure 3.6. Hypotheses on the Evolution of Chlamydomonadalean Mitochondrial
Genome Architecture

Phylogenetic relationships are based on the /8S-rDNA gene tree of Nakada et al. (2008).
Blue circles represent hypotheses on chlamydomonadalean mitochondrial genome
evolution. Refer to Table 3.1 for a complete list of references and GenBank accession

numbers.
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CHAPTER 4: UNPARALLELED GC CONTENT IN THE PLASTID DNA OF
SELAGINELLA

Published as:
Smith DR (2009) Unparalleled GC content in the plastid DNA of Selaginella. Plant Mol
Biol 71:627-639.
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Abstract

One of the more conspicuous features of plastid DNA (ptDNA) is its low guanine
and cytosine (GC) content. As of February 2009, all completely sequenced plastid
genomes have a GC content below 43% except for the ptDNA of the lycophyte
Selaginella uncinata, which is 55% GC. The forces driving the S. uncinata ptDNA
towards G and C are undetermined, and it is unknown if other Selaginella species have
GC-biased plastid genomes. This study presents the complete ptDNA sequence of
Selaginella moellendorffii and compares it with the previously reported S. uncinata
plastid genome. Partial ptDNA sequences from 103 different Selaginella species are also
described as well as a significant proportion of the S. moellendorffii mitochondrial
genome. Moreover, S. moellendorffii expressed sequence tags are data-mined to estimate
levels of plastid and mitochondrial RNA editing. Overall, these data are used to show
that: 1) there is a genus-wide GC bias in Selaginella ptDNA, which is most pronounced in
South American articulate species; i1) within the Lycopsida class (and among plants in
general), GC-biased ptDNA is restricted to the Selaginella genus; iii) the cause of this
GC bias is arguably a combination of reduced AT-mutation pressure relative to other
plastid genomes and a large number of C-to-U RNA editing sites; and iv) the
mitochondrial DNA (mtDNA) of S. moellendorffii is also GC biased (even more so than
the ptDNA) and is arguably the most GC-rich organelle genome observed to date — the
high GC content of the mtDNA also appears to be influenced by RNA editing.
Ultimately, these findings provide convincing support for the earlier proposed theory that
the GC content of land plant organelle DNA is positively correlated and directly

connected to levels of organelle RNA editing.

Introduction

A prominent feature of plastid DNA (ptDNA) is its low guanine and cytosine
(GC) content. Indeed, all of the 150 completely sequenced plastid genomes available at
the National Center for Biotechnology Information (NCBI) as of February 2009 have a
GC content between 19.5% and 42.1% (average = 36.2%; SD = 4.6%) with the exception
of the Selaginella uncinata ptDNA, which is 54.8% GC — a complete compilation is

shown in Appendix B. The evolutionary forces shaping ptDNA nucleotide landscape are
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unknown; however, several hypotheses have been proposed. For instance, some argue
that a neutral process such as AT-mutation pressure or AT-biased gene conversion caused
the low GC content of ptDNA (Howe et al. 2003; Kusumi and Tachida 2005; Khakhlova
and Bock 2006). Others invoke selection for translational efficiency to explain the lack of
G and C observed in plastid genomes (Morton 1993; Morton 1998). There is also the
possibility that plastid genomes descend from an AT-rich bacterial genome, but it is
generally thought that ptDNA has become GC poor since endosymbiosis (Howe 2003).
Interestingly, convergent evolution towards a reduced GC content is seen in
mitochondrial DNA (mtDNA), nucleomorph DNA, and in the genomes of symbionts,
parasites, and pathogenic bacteria (Dybvig and Voelker 1996; Ogata et al. 2001; Lane et
al. 2007; Smith and Lee 2008a; Chapter 2); if the forces biasing these genomes against G
and C are similar to those acting on ptDNA, then understanding nucleotide composition
from a plastidial framework could have wide-reaching implications.

The plastid genome of the lycophyte S. uncinata is exceptional in that it has a GC
content above 50% (Tsuji et al. 2007). In addition to being GC biased, the S. uncinata
ptDNA has several other distinguishing characteristics: 1) it encodes only 12 distinct
tRNAs, which is currently one of the most reduced tRNA-coding repertoires of any
completely sequenced plastid genome (land plant plastid genomes typically contain more
than 30 tRNA-coding genes); i1) it contains a unique ptDNA gene order, unlike Huperzia
lucidula (the only other lycophyte with a completely sequenced ptDNA), which has a
ptDNA gene arrangement similar to bryophytes (Wolf et al. 2005); and iii) it experiences
extremely high levels of RNA editing, potentially higher than any other ptDNA sequence
examined to date. It is predicted that RNA editing in S. uncinata restores the 79 non-
standard start and stop codons found in the ptDNA protein-coding regions to their
canonical state (Tsuji et al. 2007).

Although the ptDNA of S. uncinata has been described in detail, the plastid
genomes from other Selaginella species remain unexplored and it is unknown if GC-
biased ptDNA is a trait common to all members of the Selaginella genus or if it is
restricted to only S. uncinata. One of the only reported cases of a GC-rich mitochondrial
genome is that of the green algae Polytomella capuana (Smith and Lee 2008a; Chapter
2). Interestingly, the mtDNA from other Polytomella species are AT rich (Mallet and Lee
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2006; Smith et al. 2010a; Chapter 3); thus, it would be fascinating to see if the same trend
is apparent for Selaginella ptDNA. It would also be intriguing to explore the
mitochondrial and nuclear genomes from Selaginella taxa — if they too are GC rich then
their sequences may help pinpoint the processes that are biasing Selaginella nucleotide
composition.

The Selaginella genus belongs to the class Lycopsida, the members of which are
called lycophytes. Fossil records and phylogenetic analyses indicate that lycophytes are
an ancient, monophyletic group of vascular plants (~400-million years old [Kenrick and
Crane 1997]) comprised of three known families: the Isoetaceae (quillworts), the
Lycopodiaceae (club mosses), and the Selaginellaceae. Selaginella, the only recognized
genus within the Selaginellaceae, is an eclectic genus, containing around 700 species,
which are spread throughout the world and cover an impressive range of habitats,
including desert, tropical-rain-forest, alpine, and arctic habitats (Mabberley 1997).
Significant efforts have been directed at resolving the evolutionary relationships among
Selaginella species (Korall et al. 1999). Phylogenetic analyses using the plastid-encoded
rbeL gene and nuclear-encoded rRNA genes suggest that the ancestries of Selaginella
species are complex, with many subgroups existing (Korall and Kenrick 2002, 2004);
these analyses have also shown that rbcL substitution rates among Selaginella species are
high relative to those observed within other land plant families (Korall and Kenrick
2002); though, to a less dramatic extent when compared to other spore-producing
vascular plants (Pryer et al. 2004).

One Selaginella species that has recently gained widespread attention is
Selaginella moellendorffii; this is because in 2007 its nuclear genome was completely
sequenced by the United States Department of Energy Joint Genome Institute (DOE JGI).
S. moellendorffii was chosen as a candidate for sequencing because its nuclear genome is
especially small (~110 mega bases [Mb]) relative to the nuclear DNA (nucDNA) of other
land plants, and also because lycophytes represents an important evolutionary link
between vascular plants and the nonvascular mosses, liverworts, and hornworts (Banks
2009). Now that the S. moellendorffii nuclear genome is sequenced, Selaginella is

emerging as a model genus for comparative plant genomics.
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The study presented here takes advantage of publicly-available DNA and RNA
sequence data to investigate the evolution of nucleotide landscape in the plastid and
mitochondrial genomes of S. moellendorffii and other Selaginella species. It is concluded
that there is a genus-wide GC bias in Selaginella ptDNA and potentially one in the
mtDNA as well, and that both of these nucleotide biases are affiliated with high levels of

RNA editing. The overall implications of this nucleotide bias are discussed.

Materials and Methods
Assembly and Verification of the S. moellendorffii Organelle Genome Sequences

The complete plastid-genome sequence of S. moellendorffii was generated by
collecting and assembling ptDNA trace files produced by the DOE JGI S. moellendorffii

nuclear-genome sequencing project (http://genome.jgi-

psfiorg/Selmol/Selmol.home.html). Trace files were data-mined from the NCBI Trace

Archive (http://www.ncbi.nlm.nih.gov/blast/mmtrace.shtml) using the S. uncinata ptDNA

sequence as a BLAST (blastn 2.2.21+) query — similar approaches for assembling
organelle genomes have been used in previous studies (e.g., Smith and Lee 2008b; Smith
and Lee 2009a; Chapters 5 and 6). The BLAST parameters were as follows: an
expectation value (E-value) of 10; a word size of 11; match and mismatch scores of 2 and
-3, respectively; and gap-cost values of 5 (existence) and 2 (extension). Trace files
showing >90% sequence identity to the S. uncinata ptDNA in BLAST alignments were
downloaded and assembled using CodonCode Aligner Version 2.0.6 (CodonCode
Corporation, Dedham, MA, USA), which employs the Phred, Cross-match, and Phrap
algorithms for base calling, sequence comparison, and sequence assembly, respectively.
Assemblies were performed with a minimum-percent-identity score of 98, a minimum-
overlap length of 500 nucleotides (nt), a match score of 1, a mismatch penalty of -2, a gap
penalty of -2, and an additional first-gap penalty of -3. Assembly of the S. moellendorffii
ptDNA trace files ultimately gave a complete plastid-genome sequence with >50-fold
coverage.

To verify that no nuclear-genome-located ptDNA-like sequences (NUPTs) were
collected, the entire S. moellendorffii nucDNA sequence was scanned for regions that

show similarity to ptDNA. This was performed by blasting (blastn version 2.2.21+) the S.
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moellendorffii ptDNA sequence against the S. moellendorffii nuclear genome sequence
(v1.0) using the same parameters that are listed above. Only the first 150 scaffolds of the
nuclear genome assembly were analyzed: approximately 93.5% of the diploid nuclear
genome is contained in these 150 scaffolds and their cumulative length is 198.93 Mb.
PtDNA sequences that mapped to the nucDNA with >80% sequence identity and at least
30 nt of aligned length (in BLAST alignments) were counted as hits.

The same general approach as that described for the ptDNA was used to collect,
assemble, and validate the 56 kilobases (kb) of S. moellendorffii mtDNA sequence data
presented in this study. The Physcomitrella patens and Marchantia polymorpha
mitochondrial genomes (GenBank accession numbers NC 007945 and NC 001660,
respectively) were used as BLAST queries to data-mine S. moellendorffii mtDNA trace
files from the NCBI Trace Archive.

Scanning the S. moellendorffiit Nuclear Genome for Plastid-targeted Sequences

The S. moellendorffii nuclear genome was scanned for plastid-targeted sequences
by constructing a custom BLAST databank of the first 150 nucDNA scaffolds and then
blasting this databank with ptDNA queries using an E-value of 5, a word size of 7, a
match score of 2, a mismatch penalty of -3, a gap open score of 5, and a extend value of
2. All of the queries came from the H. lucidula ptDNA — specifically, the pool of genes
that are located in the H. lucidula ptDNA but absent from the S. moellendorffii plastid
genome. The TargetP server was employed for the prediction of plastid transit peptide

sequences (Emanuelsson et al. 2007).

S. moellendorffii Expressed Sequence Tags

Expressed sequence tag (EST) data for S. moellendorffii were obtained from the
DOE JGI S. moellendorffii Genome Portal (v1.0) (http://genome.jgi-
psf.org/Selmol/Selmol.download.html) on 1 January 2009. Plastid and mitochondrial
RNA-derived ESTs were collected by blasting (employing the same BLAST parameters
that were used for finding plastid-targeted sequences) this EST databank using S.
moellendorffii ptDNA and mtDNA sequences as queries. All hits were subsequently

checked against the S. moellendorffii nucDNA sequence to insure that they were not
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derived from nuclear-genome-located ptDNA-like or mtDNA-like sequences (NUPTs or
NUMTSs). The S. moellendorffii ESTs that map to the plastid and mitochondrial genomes

are shown in Table 4.1.

RbcL Sequence Data

The Selaginella rbcL sequences employed in this study come from either Korall
and Kenrick (2002, 2004) or are unpublished data deposited in GenBank. A list of the
Selaginella species from which rbcL sequences were data-mined (including GenBank
accession numbers) is described in Appendix C — note, the GC content of these
sequences has neither been presented nor discussed elsewhere.

The other non-Selaginella rbcL sequences described in this study were collected
by downloading from the NCBI nucleotide sequence repository all of the entries that
have an rbcL annotation and any of the following taxonomic identifications:
Charophyceae, Marchantiophyta, Bryophyta, Lycopodiophyta, Moniliformopses,
Coniferophyta, Cycadophyta, Ginkgophyta, Gnetophyta, and Magnoliophyta. Partial rbcL
sequences were accepted as long as they were >900 nt in length.

XLSTAT-Pro, an add-in software package for Microsoft Excel, was employed for
all statistical analyses of the rbcL dataset, including Tukey’s Honestly Significant

Difference (HSD) test.

Nucleotide Composition Analyses

Nucleotide-composition analyses, including the GC content of first-, second-, and
third-position codons sites, were determined with DAMBE (Xia and Xie 2001). The GC
content of fourfold-degenerate sites (i.e., synonymous sites) was calculated with INCA
(Supek and Vlahovicek 2004) by measuring the proportion of G or C at third-position
codon sites that can tolerate any of the four nucleotides without altering the amino acid

specified.
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Nucleotide Sequence Accession Numbers

The GenBank accession numbers of the S. moellendorffii organelle genome
sequence data described in this study are FJ755183 (ptDNA) and GQ246802-GQ246808
(mtDNA).

Results and Discussion
General Features of the S. moellendorffii Plastid Genome

The entire ptDNA sequence of S. moellendorffii was produced by data mining and
assembling publicly-available sequences generated by the DOE JGI S. moellendorffii
nuclear genome sequencing project. To ensure that no nuclear-genome-located ptDNA-
like sequences (NUPTSs) were collected, the complete S. moellendorffii nuclear genome
was analyzed for regions that show similarity to ptDNA. The results of this analysis,
described in Table 4.2, demonstrate that there are very few ptDNA-like sequences
embedded in the nuclear genome: ~21.5 kb distributed over 307 sites in the diploid
nucDNA sequence (this is at the lower end of what is observed for other land plants
[Richly and Leister 2004]). These findings are a strong indication that the sequences used
to assemble the S. moellendorffii plastid genome are derived from ptDNA and are not
NUPTs.

The S. moellendorffii plastid genome is 143.8 kb in length and assembles as a
circular molecule (Figure 4.1). Fifty-four percent (78 kb) of the genome codes for
proteins and structural RNAs; the remaining 45.8% (65.8 kb) represents noncoding DNA,
which can be subdivided into intergenic regions (57.8 kb) and introns (8 kb). A pair of
inverted repeats, each with a length of 12.1 kb, divide the genome into a large- (83.7 kb)
and a small-single-copy region (35.9 kb), referred to as the LSC and SSC regions. These
statistics are similar to those of the S. uncinata ptDNA, with the exception that the S.
uncinata plastid genome is 390 nt longer and its LSC and SSC regions have lengths of
77.7 kb and 40.9 kb, respectively — these size discrepancies are primarily due to the fact
that the S. uncinata ptDNA harbours four pseudogenes and four gene duplicates that are
absent from the S. moellendorffii ptDNA, and also because three genes in the SSC region
of the S. uncinata ptDNA are found in the LSC region of the S. moellendorffii ptDNA
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(see Figure 4.1 for details). The only other complete ptDNA sequence from a lycophyte,
that of the club moss H. lucidula (Wolf et al. 2005), is ~10 kb longer than its Selaginella
counterparts (because of a larger gene repertoire) and has a significantly larger LSC
region (104.1 kb) and a much smaller SSC region (19.5 kb).

Annotation of the S. moellendorffii ptDNA sequence revealed 99 genes, 7 of
which are duplicates found in the inverted repeats (Figure 4.1); when ignoring these
duplicates, there are 75 protein-, 4 rRNA-, and 13 tRNA-coding genes (including tRNA
fMet), which is among the most reduced ptDNA gene contents from any photosynthetic
land plant examined to date. Pseudogenes of accD, rp/33, and infa were identified; the
presumed functional copies of these loci were discovered in the nucDNA (see Methods
for details). Eleven group-II introns, all within protein-coding genes, were also discerned
from the ptDNA sequence (Figure 4.1). The ptDNA gene complement of S.
moellendorffii, including introns and pseudogenes, mirrors that of S. uncinata, with some
exceptions: 1) the S. uncinata ptDNA contains duplicate copies of psbK, trnQ, rpl23, and
the 5"-end of 7pl2, whereas in the S. moellendorffii plastid genome these genes are
present only once; ii) the S. uncinata ptDNA harbours pseudogenes for chlL, psaM,
rps12, and rpl21 (the latter three loci exist in the ptDNA only as pseudogenes), whereas
the S. moellendorffii plastid genome contains only a functional ck/L and has neither
functional nor pseudogene copies of psaM, rpsi2 or rpl21. A scan of the S.
moellendorffii nucDNA did not expose functional copies of these loci. They most likely
exist in the nucDNA but were not uncovered because of their small size and relatively
nonconserved sequence; and iii) the S. moellendorffii ptDNA encodes trnL, a gene that is
absent from the S. uncinata ptDNA. Compared to the H. lucidula ptDNA, the S.
moellendorffii plastid genome has 16 fewer tRNA-coding genes and 10 fewer protein-
coding genes.

The relatively reduced ptDNA gene repertoires of S. moellendorffii and S.
uncinata are reflections of the surprisingly small number of tRNAs encoded in these
genomes (13 and 12, respectively, not including duplicates); their nearest rivals, in this
respect, are the plastid genomes of the alveolates Babesia bovis and Theileria parva,
which each encode 24 tRNAs, and the ptDNA of the parasitic angiosperm Epifagus

virginiana, which encodes 23 tRNAs. It is unknown how S. moellendorffii and S.
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uncinata compensate for the tRNA-coding genes that appear to be absent from their
plastid genomes. One hypothesis is that they are encoded in the nuclear genome and
imported to the plastid from the cytosol — a similar process is known to occur for plant
mitochondria (Glover et al. 2001). A scan of the S. moellendorffii nucDNA for the
missing plastidial tRNAs (using plastid-encoded tRNAs from a close relative as search
queries) revealed only one putative plastid-bound tRNA: #7nP-CGG. An alternative
hypothesis is that the missing tRNAs are imported to the plastid from the mitochondria
— a process also proposed for E. virginiana (Modern et al. 1991). However, analysis of a
56 kb portion of the S. moellendorffii mitochondrial genome uncovered no tRNA-coding
genes, suggesting that the mtDNA of S. moellendorffii, like those from other land plants,
has a reduced tRNA-coding suite. A final hypothesis is that novel tRNAs are generated
from those encoded in the ptDNA through RNA editing, a topic discussed in more detail
below.

The ptDNA gene order for S. moellendorffii is similar to that of S. uncinata, with
one significant difference: the S. moellendorffii plastid genome lacks a 20 kb inversion
(from #rnC to psbl) found in the S. uncinata ptDNA. This inversion, which is also absent
from the H. lucidula ptDNA and available plastid genome sequences from bryophytes, is
commonly found in the ptDNA of higher ferns and seed plants (Palmer and Stein 1986;
Raubeson and Jansen 1992). In addition, »p/23 and the 5" end of p/2, which are a part of
the inverted repeat in the S. uncinata ptDNA, are in the LSC region of the S.
moellendorffii plastid genome; and the position of one protein-coding and four tRNA-
coding genes in the S. moellendorffii ptDNA (petN, trnD, trnE, trnF, and trnY) differ
from that in the S. uncinata ptDNA. In a general sense, the S. moellendorffii ptDNA gene
order is intermediary to that of S. uncinata and H. lucidula, and shares more similarities
with bryophyte ptDNA than with those of other vascular plants. The discrepancies in
gene order and gene content between the S. moellendorffii and S. uncinata plastid

genomes are outlined with red blocks, arrows, and symbols on Figure 4.1.

Nucleotide Landscape of the S. moellendorftii Plastid Genome

The overall GC content of the S. moellendorffii ptDNA is 51%, which is less than
that of S. uncinata (54.8%) but still the second most GC-rich plastid genome observed to
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date. A schematic compilation comparing the ptDNA GC content of S. moellendorffii to
that of completely sequenced plastid genomes is shown in Figure 4.2. From this plot it is
apparent that the nucleotide composition of ptDNA forms a continuum from
approximately 20% to 40% GC, to the exclusion of the S. moellendorffii and S. uncinata
plastid genomes, which are positioned outside of this continuum, well above all other
available ptDNA sequences in terms of GC content. Note that the lycophyte H. lucidula
has a more typical ptDNA GC content of 36.2% (Figure 4.2).

Among the different portions of the S. moellendorffii plastid genome, RNA-
coding regions have the highest GC content (57.8%), followed by protein-coding regions
(55.5%), introns (50.3%), and intergenic spacers (49.9%). The inverted repeats are more
GC-rich (55.7%) than the SSC region (50.5%) and the LSC region (49.9%). The
allocation of G versus C (GC skew) on the main sense strand (the strand depicted in
Figure 4.1) is negligible with a value of only 0.0003. These trends parallel that of the S.
uncinata ptDNA. It is noteworthy that the RNA-coding regions from other plastid
genomes also tend to be GC biased, having an average GC content of 52.9% (SD = 4.9%)
among completely sequenced ptDNAs; however, the intergenic-spacer, intronic and
protein-coding regions from plastid genomes are generally skewed towards A and T.

Within the protein-coding ptDNA of S. moellendorffii, the average GC content of
first-position codon sites (55.9%) exceeds that of second- (50.8%) and third-positions
(44.8%). A comparison of these data with those from S. uncinata and other available
plastid genome sequences is presented in Figure 4.3 (the raw data from which this figure
was derived are shown in Appendix B). It is evident from this figure that the overall GC
content of the S. moellendorffii (and S. uncinata) protein-coding regions is the result of a
relatively inflated GC content at all three codon-site positions; although, among codon
sites, third-position synonymous sites in the S. moellendorffii and S. uncinata ptDNAs
(46.5% and 51% GC, respectively) depart most significantly in GC content from those of
other available plastid genome sequences, which on average are 25.3% GC (SD 7.7%).
GC-rich codons (those that code for the amino acids alanine, glycine, proline, and in
some cases arginine) represent 30% of the codons found in the S. moellendorffii plastid

genome. The proportion of GC-rich codons in the S. uncinata ptDNA is even greater at
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34%, whereas the GC-rich codon composition from other completely sequenced ptDNAs

is on average only 17%.

The PtDNA GC Content of Other Selaginella Species

The observation of GC-rich ptDNA in S. moellendorffii and S. uncinata raises
questions regarding the phylogenetic distribution of GC content within the
Selaginellaceae, such as: is GC-biased ptDNA a trait common to many (or all) members
of the Selaginella genus? And if yes, is Selaginella truly an outlier in terms of ptDNA
nucleotide composition, or are there other plant lineages with similarly high GC
contents? To address these questions, rbcL ptDNA sequences from a series of diverse
plant taxa, including over 100 Selaginella species (representing most of the species
diversity within the genus), were data-mined from NCBI and assessed for their GC-
content. The rbcL gene was chosen as a ruler for assessing the overall plastid genome
nucleotide composition because it is one of the only ptDNA genes whose sequence is
readily available for many plant species (due to the fact that it is often used for
phylogenetic analyses) and because its GC content scales reasonably well with the overall
plastid-genome GC content: for complete ptDNA sequences, the Pearson correlation
coefficient between the rbeL GC content and the whole-genome GC content is 0.82 (+* =
0.67). Altogether, rbcL sequences were collected for 167 charophytes, 911 liverworts,
811 mosses, 62 hornworts, 103 Selaginella species, 87 “non-Selaginella” lycophytes,
2,848 monilophytes, 855 gymnosperms, and 2,100 angiosperms. Summary statistics of
the rbcL GC contents for these different plant lineages are shown in Figure 4.4.

The mean rbcL GC content for Selaginella species (52%; SD = 1.7%) is
significantly higher than that from other plant lineages (Figure 4.4), including other
lycophytes, which have an average rbcL GC composition of only 42.7% (SD = 0.9%).
The monilophytes and gymnosperms are the closest to Selaginella with respect to rbcL
GC content with values of 46.2% (SD = 2.3%) and 44.3% (SD = 1.3%), respectively. The
charophytes and liverworts have the lowest observed mean rbcL GC contents at 39.6%,
with standard deviations of 3.2% (charophytes) and 2.0% (liverworts). Overall, these

findings suggest that Selaginella ptDNA has become GC biased since the Selaginellaceae
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diverged from their common ancestor with quillworts and club mosses, which is believed
to have occurred at least 400 million years ago (Kenrick and Crane 1997; Banks 2009).

All 103 Selaginella species that were analyzed have an rbcL GC content above
50%, except for Selaginella sinensis, which has an rbcL GC content of 44.8% (Appendix
C). The most extreme rbcL GC content was observed for Selaginella fragilis (57.0%),
which is greater than that of S. moellendorffii (50.6%) and S. uncinata (53.2%), and
suggests that the ptDNA of S. fragilis may have a higher overall GC content than S.
uncinata (i.e., >55%). The seven highest rbcL GC contents (ranging from 55-57% GC)
come from Selaginella species that belong to the South American articulate subclade.
Support for this subclade come from parsimony and Bayesian analyses using rbcL
(Korall and Kenrick 2002, 2004) and from the observation that the Selaginella taxa that
form this subclade possess a unique morphological marker: the rhizosphore develops
from the upper surface of the stem and loops over the branch to grow downwards
whereas in other Selaginella species it develops on the lower surface of the stem (Korall
and Kenrick 2002). It should be mentioned that when maximum-likelihood analyses were
performed on the rbcL dataset used by Korall and Kenrick (2002, 2004) the South
American articulate subclade is still observed (data not shown). The phylogenetic
affiliation of S. sinensis, the only Selaginella species shown to have an rbcL GC content
below 50%, remains problematic. Parsimony analyses using rbcL place it (with low
bootstrap support) as a sister to a clade containing all other species in the genus (Korall
and Kenrick 2004). This could be an indication that the occurrence of GC-rich ptDNA in
Selaginella taxa evolved after the split between the lineage that gave rise to S. sinensis
and that leading to the other Selaginella species investigated in this study. That being
said, parsimony inferred phylogenies are particularly sensitive to nucleotide composition
biases (Eyre-Walker 1998), meaning they can cause distantly related organisms with
similar GC contents to look more closely related than they actually are. Bayesian
analyses with the same rbcL dataset (Korall and Kenrick 2004) place the GC-poor S.
sinensis in a well-supported subclade with GC-rich Selaginella species — this position of
S. sinensis is also supported by parsimony and Bayesian inferred phylogenies of 26S

rDNA sequence data from Selaginella species (Korall and Kenrick 2004).
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Evolution of Nucleotide Composition in Selaginella PtDNA

Why is Selaginella ptDNA GC biased? Or rather, why is Selaginella ptDNA not
enriched in A and T like other available plastid-genome sequences? For virtually all
completely sequenced plastid genomes the AT content is highest at what are considered
to more neutrally evolving positions, such as fourfold-degenerate sites and noncoding
regions (collectively defined as silent sites), and it is lowest at the more functionally
constrained sites (first- and second-position codons sites and RNA-coding regions). Thus,
it is generally believed that a neutral process, such as AT-mutation pressure or AT-biased
gene conversion, is driving the nucleotide composition of most plastid genomes towards
A and T (Howe et al. 2003; Kusumi and Tachida 2005; Khakhlova and Bock 2006).
Could the observed GC content of Selaginella ptDNA be caused by the absence of either
AT-mutation pressure or AT-biased gene conversion, or both? In the plastid genomes of
S. moellendorffii and S. uncinata the GC content of silent sites is on average 48.9% and
52.5%, respectively. Similar values are also seen for the »bcL data from the different
Selaginella species where the average GC content of fourfold-degenerate sites is 50.5%
(Appendix C). Taken as a whole, these findings on the silent-site nucleotide composition
of Selaginella ptDNA could (because %GC = %AT) be a reflection of an unbiased
mutation/gene-conversion process. There is also the possibility that two opposing neutral
forces, such as AT-mutation pressure coupled with a GC-biased gene conversion
mechanism (or GC-mutation pressure coupled with an AT-conversion bias) are balancing
the silent-site nucleotide composition of Selaginella ptDNA resulting in a GC content of
~50%. The fact that rbcL synonymous substitution rates among Selaginella species are
exceptionally high relative to those observed within most other land plant families
(Korall and Kenrick 2002) may be an indication of an elevated mutation rate in
Selaginella ptDNA; if true, this may imply a scenario where biased mutation pressure
(AT or GC) is offset by a biased gene conversion mechanism.

There is also the possibility that natural selection is influencing the nucleotide
composition of Selaginella ptDNA, and this may explain why, in addition to an elevated
silent-site GC content, the more functionally constrained positions in Selaginella ptDNA,
such as first- and second-position codon sites, are also skewed towards G and C relative

to other plastid genomes (Figure 4.3). GC richness could be interpreted as an adaptation
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for thermostability or UV-light tolerance. The thermostability hypothesis seems unlikely
when considering that Selaginella species from northern climates, like Alaska, Canada,
and Siberia have equally high rbcL GC contents as those from tropical and desert
habitats. That being said, both hot- and cold-climate Selaginella species tend to grow in
environments with reasonably high levels of UV radiation (Appendix C). Another
adaptive hypothesis could be that there is selection for translational efficiency.
Approximately one-third of the codons in the S. moellendorffii and S. uncinata plastid
genomes are GC rich, which may correlate with the specific pool of tRNA anticodons
that are available for plastid-gene translation. This topic is difficult to address because
both the S. moellendorffii and S. uncinata plastid genomes encode a limited number of
tRNAs. Nevertheless, of the 13 and 12 unique tRNAs that are respectively encoded in the
S. moellendorffii and S. uncinata plastid genomes, all except one (#rnR-ACG) are cognate
to AT-rich codons. There is reason to believe, however, that many of the GC-rich codons
in both the S. moellendorffii and S. uncinata plastid genomes are changed into AT-rich
codons through RNA editing. If true, RNA editing may be influencing the GC content of
Selaginella ptDNA.

RNA Editing in Selaginella PtDNA and its Impact on Nucleotide Composition

A few observations indicate that RNA editing is an important, widespread, and
frequently occurring phenomenon in the plastids of Selaginella species. For instance, of
the 75 protein-coding genes encoded in the S. moellendorffii plastid genome, 41 contain
non-canonical start codons (ACG instead of ATG) and 23 have non-canonical stop
codons (CGA, CAA, or CAG instead of TGA, TAA or TAG); the incidence of irregular
start/stop codons in the S. uncinata ptDNA is even more prevalent with 50 and 29 non-
canonical start and stop codons, respectively (Tsuji et al. 2007). If these codons were left
unedited in mature transcripts, it would imply that 66% of the protein-coding genes in the
S. moellendorffii ptDNA and 83% of those in the S. uncinata ptDNA are non-functional.
However, preliminary investigations of plastid complementary DNA (¢cDNA) sequence
data from S. moellendorffii (this study) and S. uncinata (Tsuji et al. 2007) indicate that
RNA editing restores these irregular start/stop codons to their canonical states and

induces C>U conversions in other plastid-RNA regions as well.
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Analyses of 8,291 nt of cDNA sequence data from the S. moellendorffii plastid
genome (4,501 nt from coding regions, 901 nt from intronic regions, and 2,889 nt from
intergenic regions) reveals 104 edited sites, all of them corresponding to C>U changes
(Table 4.3). Fifty-eight of these edited sites map to protein-coding ptDNA, 16 to intronic
portions of the genome, and 30 to intergenic regions (Table 4.3). Of the cDNA data that
covers nonstandard stop/start codons, all were restored to their canonical states. For S.
uncinata, cDNA studies of the rbcL and atpB genes uncovered 54 and 111 C>U edited
sites, respectively (Tsuji et al. 2007); this is one of the more massive examples of plastid
RNA editing observed to date. These data, albeit providing only a small window into the
degree of plastid RNA editing in S. moellendorffii and S. uncinata, indicate that RNA
editing is a critical and prevalent process in these two taxa and operates at a greater level
than that currently observed in other land plants. Studies suggest that in the plastid
mRNAs of seed plants there are approximately 15-44 C>U editing sites (see Tillich et al.
[2006] for a review). A significantly larger number of plastid RNA editing sites are
observed for the fern Adiantum capillus-veneris, which has 315 C>U and 35 U>C
editing sties (Wolf et al. 2004), and the hornwort Anthoceros formosae, which has 509
C—>U and 433 U—>C editing sites (Kugita et al. 2003). Organelle RNA editing in land
plants is believed to be of monophyletic origin (Tillich et al. 2006). Although, among
different species of land plant, the levels of RNA editing and the sites that get edited
appear to be highly lineage specific (Jobson and Qiu 2008), leaving open the possibility
that RNA editing has arisen multiple times in land plant evolution.

Considering that plastid RNA editing mostly involves C->U changes (with the
exception of 4. formosae), and that first- and second-position codon sites are generally
the most edited positions in plastid genomes (Tillich et al. 2006; Jobson and Qiu 2008),
then the elevated GC content of first- and second-position codon sites in the S.
moellendorffii and S. uncinata ptDNAs may be a reflection of a large number of RNA
editing sites in these genomes — an idea also suggested for S. uncinata by Tsuji et al.
(2007). If true, this would imply a positive correlation between the ptDNA GC content
and the number of C>U RNA editing sites. A cursory scan of complete land plant
ptDNA sequences reveals that those with a large number of C>U RNA editing sites,

such as A. capillus-veneris, are more GC-rich than those with only a few RNA editing
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sites (Figure 4.2). Indeed, next to S. moellendorffii and S. uncinata, A. capillus-veneris
has the most GC-biased land plant plastid genome observed to date (42% GC), whereas
Marchantia polymorpha, which appears to lack plastid RNA editing (Freyer et al. 1997),
and Physcomitrella patens, which is believed to have less than five plastid RNA editing
sites (Miyata and Sugita 2004; Riidinger et al. 2009), are the two most AT-rich land plant
plastid genomes sampled thus far (Figure 4.2). The correlation between genomic GC
content and levels of RNA editing has been highlighted in other studies (Malek et al.
1996; Jobson and Qiu 2008). Given these observations, one could suggest that RNA
editing is acting as a genomic buffer against GC-biased mutation/conversion pressure by
neutralizing T->C mutations, specifically those at functionally important first- and
second-position codon sites. That being said, the evolution of RNA editing is a
complicated topic and many sophisticated (and well articulated) models for its origins
exist (Covello and Gray 1993; Lynch et al. 2006; Tillich et al. 2006; Jobson and Qiu
2008). I favor the model of Covello and Gray (1993), which posits that both the origin of
RNA editing activity and the fixation of mutations at editable sites evolved primarily
through random genetic drift but that the maintenance of RNA editing activity at specific
sites is the result of natural selection. A salient point for any debate on RNA editing is
that the genomic and nucleotide-composition contexts under which RNA editing evolved
are unknown. The RNA editing machinery may have originated in a species with a
moderately AT-rich organelle genome, but whose descendants were exposed to
increasing GC pressure (see Reviewers’ comments in Jobson and Qiu [2008]). If RNA
editing is linked to the high GC content of Selaginella ptDNA, studies on the different
Selaginella species, especially those at either extremes of the nucleotide-composition

spectrum, may give insight into the link between RNA editing and GC content.

The GC Content in Other Genetic Compartments of Selaginella Species

The observation that Selaginella species have relatively GC-rich plastid genomes
raises questions regarding their mtDNA — is it also GC-rich? An attempt at answering
this question was made by collecting 56 kb of S. moellendorffii mtDNA sequence data.
These data were generated by assembling mtDNA trace files produced by the DOE JGI S.

moellendorffii nuclear-genome sequencing project. All of the mtDNA sequences were
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subsequently blasted against the S. moellendorffii nuicDNA assembly to ensure that no
nuclear-genome-located mtDNA-like sequences (NUMTs) were collected. The results of
these analyses suggest that there are a relatively small number of NUMTs in the
nucDNA, < 20 kb distributed over ~50 sites (based on the 56 kb of mtDNA that were
collected), and the NUMTSs that are present are highly degenerate. Several attempts were
made to complete the S. moellendorffii mitochondrial-genome sequence; however, the
mtDNA of S. moellendorffii, like that from other land plant taxa, contains an abundance
of repeats, which have spread throughout most of the intergenic and intronic regions.
This feature of the S. moellendorffii mitochondrial genome means that the mtDNA trace
files corresponding to intergenic and intronic regions collapse on top of one another upon
assembly, resulting in a network of spurious repetitive motifs. Nonetheless, enough
mtDNA sequence data were characterized to confidently describe the nucleotide
landscape of this genome. In total, 8 protein-coding genes, 1 rRNA-coding gene, and 11
intergenic spacers were collected; the lengths and nucleotide compositions of these
regions are summarized in Table 4.4. The overall GC content of the 56 kb of mtDNA
sequence data is 67.8%, ranging from 62% for protein-coding genes, 65.1% for rRNA-
coding genes, 69.1% for intronic regions, and 68.9% for intergenic spacers (Table 4.4).
These nucleotide composition statistics suggests that the S. moellendorffii mtDNA is the
most GC-rich mitochondrial genome observed to date, exceeding that of the green alga
Polytomella capuana, which is 57% GC (Smith and Lee 2008a; Chapter 2). Could similar
processes be driving the nucleotide composition of the S. moellendorffii mitochondrial
and plastid genomes towards G and C? Analyses of cDNA sequences for atp/ and nad5
revealed 78 and 74 C>U RNA editing sites, respectively (Table 4.4). This implies that
the S. moellendorffii mitochondrial genome is, like its plastid counterpart, experiencing
exceptionally high levels of RNA editing; moreover, this provides support for the notion
that RNA editing is connected to the high GC content of the S. moellendorffii organelle
DNA. Interestingly, it is believed that in land plants the same machineries are responsible
for editing both the mitochondrial and plastid derived transcripts (Freyer et al. 1997,
Steinhauser et al. 1999).

On a final note, the GC content of the S. moellendorffii nuclear genome is ~45%

— based on analyses of the first 150 scaffolds of the diploid genome assembly (~93.5%
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of the complete nuclear-genome sequence), which is unremarkable in comparison to the
nuclear genomes from other land plants. The discordance between the nucleotide
composition of the S. moellendorffii nucDNA and organelle DNA could be a reflection of
different mutation/conversion biases in these genomes. One crucial point, however, is
that land plant nucDNA, unlike its organelle counterparts, is believed to experience very
little (if any) RNA editing, thus, reinforcing the notion that RNA editing is connected to
the high GC content of the S. moellendorffii organelle genomes.

Conclusions

There is a genus-wide GC bias in Selaginella ptDNA, which 1s most pronounced
in South American articulate species. GC-rich ptDNA appears to be something unique to
Selaginella species and is absent from lycophytes outside of the Selaginellaceae. It is
argued that the cause of this GC bias is a combination of reduced AT-mutation pressure
relative to other plastid genomes and a large number of C>U RNA editing sites. Partial-
genome analysis of the S. moellendorffii mtDNA indicates that it is also GC biased (even
more so than the ptDNA) and is arguably the most GC-rich organelle genome observed to
date — the high GC content of the mtDNA also appears to be influenced by RNA
editing. These findings provide convincing support for the earlier proposed theory that
the GC content of land plant organelle DNA is positively correlated (and directly
connected) to the levels of organelle RNA editing.
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Table 4.1. Expressed Sequence Tags (ESTs) From S. moellendorffii that Map to

Organelle DNA

EST name'

Region in Plastid Genome (ptDNA coordinates)2

CAOU10168.fwd
CAOU10168.rev
CAOS8867.fwd
CAOS8867.rev
CAOS16609.fwd
CAOS16609.rev
CAOU13505.fwd
CAOU13505.rev
CAOT5212.fwd
CAOS7390.fwd
SmGB1262.fwd
SmGB324.fwd
SmGB611.fwd
SmGB1488.fwd
SmGB1504.fwd
CAOS1811.fwd
CAOS7317.fwd
CAOP540.fwd
CAOS7317.rev
CAOP540.rev
CAOT7732.fwd
CAOT7732.rev
CAOU12204.rev
CAOP8441.fwd
CAOP8441.rev
CAOS8728.fwd
CAOS8728.rev
CAOU12204.fwd
CAOP5639.fwd
CAOS13368.fwd
CAOS13368.rev

chiB (29,807-30,499)

chiB (29,327-29,993)

psbT, psbN, psbH (70,792-71,593)

psbH (71,209-71,853)

psbH-petB intergenic region (71,663-72,228)
psbH-petB intergenic region (71,663-72,228)
psbH-petB intergenic region (71,682-72,228)
psbH-petB intergenic region (71,682-72,228)
rrnl6 (85,746-86,592)

rrnl6 (86,101-86,741)

rrn23 (87,769-87,959)

rrn23 (87,769-87,959)

rrn23 (87,769-87,963)

rrn23 (87,769-87,973)

rrn23 (87,769-87,971)

rrn23 (88,238-88,942)

rrn23 (88,062-88,829)

rrn23 (88,450-89,133)

rrn23 (88,781-89,427)

rrn23 (88,728-89,367)

rrn23 (88,911-89,165)

rrn23 (88,911-89,165)

ndhA (105,269-105,722)

ndhA (105,467-106,165)

ndhA (105,469-106,165)

ndhA (105,469-106,216)

ndhA (105,469-106,216)

ndhA (106,347-107,013)

yefl (108,468-109,211)

psbC (121,213-121,921)

psbC (121,693-122,255)
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EST name' Region in Mitochondrial Genome (mtDNA

coordinates)2
CAOX650.fwd atpl (23,644-24,321)
CAOX650.rev atpl (24,686-24,069)
CAOU502.fwd nad7 (35,397-35,961)
CAOS3463.fwd coxl (6,274-6,746 / 7,890-8,221)
CAOS3463.rev coxl1 (10,910-10,394)

Note: All of the Selaginella EST sequences were downloaded from the DOE JGI
Selaginella moellendorffii Genome Portal (v1.0) (http://genomeportal.jgi-
psf.org/Selmol/Selmol.download.html) on 1 January 2009.

"EST names are searchable in GenBank; i.c., they are equivalent to a GenBank accession
number.

? Plastid- and mitochondrial-genome coordinates correspond to the sequences (and their
GenBank entries) presented in this study.
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Table 4.2. Amount of DNA in the S. moellendorffii Diploid Nuclear Genome that
Shares Homology with PtDNA

# of Mean length Longest Cumulative length | Fraction of
similarity | of similarity similarity of similarity nuclear
regions” region (nt) length (nt) regions (nt) genome
Number of Protein- 100 72 229 7,207 3.62x 107
nucleotides in the coding genes®
S. moellendorffii | Structural- 142 55 91 7,746 3.89x 107
diploid nuclear RNA genes®
genome that. share | Introns® 19 91 301 1,726 0.86 x 10°
similarity with the [ eroenic 93 52 138 4,823 242x10°
plastid genome spacers’
(byb PttDNA . Complete 307 67 530 21,502 10.79 x 107
subcategory”) plastid
genome®

Note: Nuclear DNA analyses are based on the S. moellendorffii draft nuclear genome
sequence (v1.0). Only the first 150 scaffolds of the nuclear-genome assembly were
analyzed; ~93.5% of the S. moellendorffii nucDNA is contained in these 150 scaffolds
and their cumulative length is 198.93 mega bases (note: this length represents two
haplotypes).

* The number of distinct regions in the S. moellendorffii nucDNA that show >80%
sequence identity and at least 30 nt of aligned length to the plastid DNA.

® Refers to the region of the plastid genome to which the nucDNA maps.

¢ Includes all of the identified protein-coding genes.

4 Includes all of the identified tRNA- and rRNA-coding genes.

®Includes all of the identified introns.

"Includes all of the identified intergenic regions, including pseudogenes.

¢ Some of the “ptDNA similarity regions” in the S. moellendorffii nucDNA consist of
coding and noncoding ptDNA-like sequences; thus, the overall sum of similarity regions
(307) is less than the sum of the similarity regions based on ptDNA subcategory (354).
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Table 4.3. RNA-editing Sites in the S. moellendorffii Plastid Genome

Length # of RNA
(nt)® editing sites”

Protein-coding ndhA 411 25

(by gene) ndhH 128 6

psbH 234 21

psSbN 132 1

psbT 102 5

Intronic (by gene) | ndhA-intron 750 16

Intergenic ndhA/ndhH 127 4
(by region) psbC/psbZ 451

psbN/psbH 86 3

psbH/petB 800 22

Note: RNA-editing data could only be collected for regions described above; these data

were derived from EST sequences produced by the DOE JGI S. moellendorffii nuclear-
genome sequencing project.

* Refers to the length of the EST sequence covering the given region.
® All observed RNA editing sites involve C>U changes.
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Table 4.4. General Features of the S. moellendorffii MtDNA Sequences

Length %GC GCl1 | GC2 | GC3 # of RNA
(nt) editing sites*
All sites 55,780 67.8 --- --- --- ---
rRNA-coding (26S5) 4,150 65.1 - - -—- -—-
Protein-coding (overall) 7,742 62.0 64.2 60.2 61.5 -—-
Protein- atpl 1,515 64.2 69.3 64.4 58.8 78
coding atp9” 74 62.2 333 | 70.8 | 792
(by gene) | cox/? 864 |  63.9 61.5 | 66.7 | 63.5 74
nad2 1,055 63.2 68.1 60.4 61.3 -—-
nad4® 879 61.5 58.0 65.2 61.5 -—-
nad5 1,704 60.1 59.5 54.2 66.5 ---
nad7 1,096 59.8 68.5 54.0 56.7 ---
nad9 555 62.2 67.5 60.0 58.9 ---
Intronic (overall) 27,490 69.1 - - -—- -—-
Intronic atp9 3,547 69.7 - - -—- -—-
(by gene) | coxl 6,825 69.4
nad? 4,798 68.6 --- --- --- ---
nad4 2,013 66.9 --- --- --- ---
nad5 5,580 69.5 --- --- --- ---
nad7 4,727 69.0 --- --- --- ---
Intergenic (overall) 16,398 68.9 - - -—- -—-
Intergenic | ?/atpl 930 67.1 - - -—- -—-
(by atpl/nad5 461 65.7 - - - -
region)” 7445/ 2916 70.6
?/atp9 356 71.3 --- --- --- ---
?/nad?2 769 66.8 --- --- --- ---
nad2/? 652 67.8 --- --- --- ---
?/nad4 283 67.8 --- --- --- ---
nad4/? 175 58.3 - - -—- -—-
?/nad7 540 65.7 - - -—- -—-
nad7/? 317 69.1 --- --- --- ---
nad9/26S 8,999 69.3 --- --- --- ---

Note: GC1, GC2, and GC3 are the GC contents at first-, second-, and third-position
codon sites, respectively.

* Partial sequence.
® A question mark (?) is used when the adjacent gene is undetermined.

° RNA-editing data could only be collected for cox! and atp9; these data were derived
from EST sequences produced by the DOE JGI S. moellendorffii nuclear-genome
sequencing project.
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Selaginella moellendorffii

plastid genome
143,780 nt

Figure 4.1. Genetic Map of the S. moellendorffii Plastid Genome

Ribosomal RNA-coding regions are red. Transfer RNA-coding regions are pink (their
anticodon sequence is shown in brackets). Protein-coding regions are green and their
introns are orange (all introns are of group-II affiliation). Pseudogenes are blue and are
labeled with a 9. Gray blocks highlight regions of the genome for which cDNA
sequences were data mind. Differences in the ptDNA gene order between S.
moellendorffii and S. uncinata are shown with red blocks, arrows, and symbols ($ and #).
The genes and pseudogenes in the S. uncinata plastid genome that are absent from the S.
moellendorffii ptDNA are signified as follows: ®' = rp/23 and the 5" end of rpl2; ®* =
psaM pseudogene; ®° = chiL pseudogene; ®"* = first copy of trnQ; ®° = rpsi2
pseudogene; ®° = rpl21 pseudogene; ®' = duplicate copy of pshK and trnQ.
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e Completely sequenced plastid genomes
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Figure 4.2. The GC Content of Completely Sequenced Plastid Genomes

Genomes are organized in ascending order by their GC content. The data points
corresponding to species of interest are labeled. The shaded oval highlights some of the
species for which plastid RNA-editing is believed to be either absent or restricted to less
than five edited sites. The ptDNA GC-content data from which this graph was plotted are
listed in Appendix B.
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GCl1, GC2, and GC3y, represent the GC content at first-position, second-position, and

third-position-synonymous codon sites, respectively. The ptDNA GC-content data from

which this graph was plotted are listed in Appendix B.
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Figure 4.4. The RbcL GC Content for Major Plant Lineages

The number of species sampled from each lineage is shown in brackets. Plots with the
same letter are not significantly different from one another (under the Tukey-Kramer

method).
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CHAPTER 5: NUCLEOTIDE DIVERSITY IN THE MITOCHONDRIAL AND
NUCLEAR COMPARTMENTS OF CHLAMYDOMONAS REINHARDTII:
INVESTIGATING THE ORIGINS OF GENOME ARCHITECTURE

Published as:
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Abstract

Background: The magnitude of intronic and intergenic DNA can vary
substantially both within and among evolutionary lineages; however, the forces
responsible for this disparity in genome compactness are conjectural. One explanation,
termed the mutational-hazard hypothesis, posits that genome compactness is primarily
driven by two non-adaptive processes: mutation and random genetic drift — the effects
of which can be discerned by measuring the nucleotide diversity at silent sites (7sjient),
defined as noncoding sites and the synonymous sites of protein-coding regions. The
mutational-hazard hypothesis holds that mene 1s positively correlated to genome
compactness. We used the model organism Chlamydomonas reinhardtii, which has a
streamlined, coding-dense mitochondrial genome and a non-compact, intron-rich nuclear
genome, to investigate the mutational-hazard hypothesis. For measuring mgjjent We
sequenced the complete mitochondrial genome and portions of seven nuclear genes from
seven geographical isolates of C. reinhardtii. Results: We found significantly more
nucleotide diversity in the nuclear compartment of C. reinhardtii than in the
mitochondrial compartment: net values of mjene for the nuclear and mitochondrial
genomes were 32 x 10~ and 8.5 x 107, respectively; and when insertions and deletions
(indels) are factored in, these values become 49 x 10~ for the nuclear DNA and 11 x 10~
for the mitochondrial DNA (mtDNA). Furthermore, our investigations of C. reinhardtii
revealed four previously undiscovered mitochondrial introns, one of which contains a
fragment of the large-subunit (LSU) rRNA gene and another of which is found in a
region of the LSU-rRNA gene not previously reported (for any taxon) to contain introns.
Conclusions: At first glance our results are in opposition to the mutational-hazard
hypothesis: ment Was approximately 4 times greater in the nuclear compartment of C.
reinhardtii relative to the mitochondrial compartment. However, when we consider the
encumbrance of noncoding DNA in each of these C. reinhardtii compartments, we
conclude that introns in the mtDNA impose a greater burden than those in the nuclear
DNA and suggest that the same may be true for the intergenic regions. Overall, we
cannot reject the mutational-hazard hypothesis and feel that more data on nucleotide

diversity from green algae and other protists are needed.
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Introduction

Genomic sequence data from the three domains of life have revealed a prodigious
range of genome compactnesses; however, our knowledge of the processes responsible
for this gamut of genomic architectures is contentious. One explanation is the mutational-
hazard hypothesis (Lynch and Conery 2003; Lynch 2006; Lynch et al. 2006; Lynch
2007), which posits that genome compactness (defined by the proportion of intronic and
intergenic DNA) is primarily driven by non-adaptive processes: namely, mutation and
random genetic drift. The mutational-hazard hypothesis asserts that noncoding DNA (i.e.,
intronic and intergenic DNA) is a genetic liability because it is a target for deleterious
and potentially lethal mutations, such as mutations affecting sequences involved with
intron splicing and gene regulation. The hypothesis maintains that species with large
effective population sizes (N,) are more efficient at purging, or preventing the
proliferation of, hazardous noncoding DNA because they experience less random genetic
drift and thereby increase the efficacy of natural selection. The mutational-hazard
hypothesis holds that the product of N, and the mutation rate (1) drives genome
compactness; consequently, species whose genomes are coding rich should have a higher
N.u than those whose genomes carry a surfeit of intronic and intergenic DNA.

Insights into N, and p can be acquired by measuring the nucleotide diversity at
silent sites (Tsient), Which are defined as noncoding sites and synonymous sites within
protein-coding DNA. Since, for a diploid population at mutation-drift equilibrium, the
rate at which new variation is introduced to a neutral nucleotide site in two randomly
compared alleles is equivalent to 2 (twice the mutation rate), and the rate at which
variation is lost from a neutral site is 1/2N,, then the average number of nucleotide
differences per neutral site is equivalent to the ratio of these two rates: 4N u. Because
silent sites are typically regarded as among the most neutrally evolving positions in a
genome, measures of Tjent can provide an estimate of 4N . This formula can be
simplified by substituting N, the effective number of genes per locus in a population, for
N,, giving a final equation of Tsjent = 2N, Where Ngis equal to N, for nuclear genes of
haploid species and about one-half N, for uniparentally-transmitted organelle genes
(Birky et al. 1989). Uniparentally-transmitted organelle genomes (mitochondrial or

plastid) are generally considered haploid, despite being present in multiple copies per
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cell, because heteroplasmy (the existence of more than one organelle genome haplotype
in the same individual) is rare. Moreover, in this instance, N, is reduced further by the
fact that during sexual reproduction only one of the parental sexual types transmits
organelle genes to the next generation.

Large-scale studies have found a positive correlation between mgjiene and genome
compactness: in the compact genomes of prokaryotes mgjien tends to be > 50 x 107; in the
more bloated nuclear genomes of invertebrates and land plants it is in the range of 3 x 10
3to 15 x 107; and in the nuclear genomes of vertebrates, where noncoding DNA
predominates, it appears to lie between 2 x 10~ and 4 x 10” (Lynch and Conery 2003).
There is evidence that this trend is also found in organelle genomes: comparative studies
of nucleotide diversity in mitochondrial DNA (mtDNA) indicate that in the diminutive,
coding-dense mitochondrial genomes of mammals 7tjens 1s around 40 x 10"3, whereas in
the expanded mitochondrial genomes of land plants itis estimated to be <0.4 x 10~
(Lynch et al. 2006). This disparity in mgjent between land plant and mammalian
mitochondrial genomes is believed to be a reflection of the high mutation rates in
mammalian mtDNA and the low mutation rates typically found in land plant mtDNA.
Mutation rates have also been invoked to explain why, despite similar proposed values of
N, the mitochondrial and nuclear genomes of mammals have opposite coding densities
— in mammals estimates of pu for mtDNA are roughly 30 times those for nuclear DNA
(Lynch et al. 2006). Although the relationship between mijent and genome architecture is
intriguing, the empirical data from which these correlations were derived are limited to a
relatively small number of taxa and are generally skewed towards multicellular animals,
with an overall lack of data for unicellular eukaryotes, especially green algae.

The model organism Chlamydomonas reinhardtii, a unicellular green alga of the
chlorophycean class, is an excellent system for studying the evolution of genome
compactness because it has a large, intron-rich nuclear genome and a small, compact
mitochondrial genome, yet both genomes appear to have a similar mutation rate (Popescu
et al. 2006; Popescu and Lee 2007). The nuclear genome of C. reinhardtii, which has
been sequenced to 95% completion, is approximately 121 megabases (Mb), with about
17% of the nucleotides coding for proteins and structural RNAs (Merchant et al. 2007).

Furthermore, the genome has an abundance of introns (~7 per protein-coding gene), and
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the average intron length is longer than that of many eukaryotes and is more similar to
multicellular organisms than to protists. In contrast, the mitochondrial genome of the
standard laboratory strains of C. reinhardtii (derived from the Ebersold-Levine line) is
streamlined, having a size of 15.8 kb and containing only 13 genes (Gray and Boer 1988;
Michaelis et al. 1990; Vahrenholz et al. 1993). Moreover, at 82% coding it is one of the
most compact mitochondrial genomes available from green algae (for a compilation see
Pombert et al. [2006]), and although the mtDNA of one geographical isolate of C.
reinhardtii (CC-1373) has an optional intron in cob (Colleaux et al. 1990) it is still >75%
coding; this strain is often referred to as Chlamydomonas smithii but is in fact a member
of the C. reinhardtii species (Boynton et al. 1987).

According to the mutational-hazard hypothesis, we would expect C. reinhardtii to
have a high degree of silent-site nucleotide diversity in its mitochondrial genome
(reflecting a large 2N,u) and a low degree of silent-site nucleotide diversity in its nuclear
genome (reflecting a small 2N,p). To test this hypothesis and to investigate the
correlation of 2Ngu with genome compactness, we measured Tjen: in the mitochondrial

and nuclear compartments from various geographical isolates of C. reinhardtii.

Materials and Methods
Strains, Culture Conditions, and DNA and RNA Extractions

All of the C. reinhardtii strains employed in this study were obtained from the
Chlamydomonas Center at Duke University in July of 2006, with the exception to C.
reinhardtii CC-277, which was obtained from the same source in 1991. Clonal cultures of
each strain were prepared from a single vegetative colony recovered on agar medium
(Harris 2009). For each of the seven strains, total genomic DNA was extracted using the
DNeasy Plant Mini Kit (Qiagen, Germantown, MD), and total RNA was extracted using
the RNeasy Plant Mini Kit (Qiagen).

Strain Confirmation

To verify that the seven C. reinhardtii isolates had been assigned the correct strain

numbers we compared our sequences of the ypt4-VI, ypt4-VII, and act-VIII introns for
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each isolate to those obtained in other studies (Dietmaier et al. 1995; Sugase et al. 1995;
Liss et al. 1997) from the corresponding isolates. The results confirmed that the seven C.

reinhardtii isolates employed here are the same as those used in previous reports.

Amplification and Sequencing of Genetic Loci

A PCR-based approach was used to amplify the mtDNA and the nuclear loci
examined in this study. PCR experiments were performed in High Fidelity Platinum
SuperMix (Invitrogen, Carlsbad, CA) using total genomic DNA as the template. Reverse
transcriptase (RT) PCR reactions were performed with the SuperScript I1I One-Step RT-
PCR System (Invitrogen) following the manufacturer’s protocol. PCR and RT-PCR
products were purified using the QIAquick PCR Purification Kit (Qiagen). The purified
products were sequenced on both strands at the Macrogen sequencing facility, Rockville,

MD, USA.

C. reinhardtii Strain CC-503

The complete mitochondrial genome of C. reinhardtii strain CC-503 (cw92 mt")
was obtained by collecting and assembling mtDNA sequences generated from the C.
reinhardtii nuclear genome sequencing project (http://genome.jgi-
psf.org/Chlre3/Chlre3.home.html). These sequences were acquired by blasting the
complete C. reinhardtii mitochondrial genome against the following databases at the
United States Department of Energy Joint Genome Institute (DOE JGI): C. reinhardtii
v3.1 unplaced reads and C. reinhardtii v3.1 bonus scaffolds. Blast hits showing >99%
similarity to C. reinhardtii mtDNA were downloaded and assembled. All mitochondrial
hits were subsequently checked against the draft nuclear genome of C. reinhardtii (v3.0
unmasked assembly) to insure that no nuclear-genome-located mtDNA-like sequences
(NUMTs) were collected. Our assembly of the downloaded mtDNA sequences contains
over 500 chromatogram reads and gives a complete C. reinhardtii CC-503 mitochondrial

genome with 15-fold coverage.
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Sequence Analyses

To ensure that the seven nuclear-encoded genes employed in this study are
present only once in the C. reinhardtii nuclear genome we blasted each of the seven
sequences against the C. reinhardtii draft nuclear genome. All seven genes returned a
single hit, which is consistent with the hypothesis that these genes are present in single
copies in the C. reinhardtii nuclear genome. The mitochondrial sequences obtained from
each of the seven strains were also blasted against the C. reinhardtii draft nuclear genome
to confirm that they are not NUMTs: the blast results suggest that there are very few
copies of mitochondrial sequences in the nuclear compartment and the few that are
present are highly degenerate; therefore, we are confident that none of the mtDNA
sequences presented in this study are NUMTs. The mitochondrial introns of cox/ and
their secondary structures were identified using RNAweasel (Lang et al. 2007). DnaSP
4.0 (Rozas et al. 2003) was used for calculating all measures of genetic diversity. Theta
was calculated using equation 3 of Tajima (1993). The McDonald-Kreitman test
(McDonald and Kreitman 1991) and Tajima’s D test (Tajima 1989) were performed with
DnaSP.

Nucleotide Sequence Accession Numbers

The GenBank sequence accession numbers for the nucleotide sequences

employed in this study are shown in Table 5.1.

Results
Strains and Their Genetic Loci

Seven geographical isolates of C. reinhardtii were employed in this study; their
strain numbers, mating types, origins of isolation, and strain abbreviations are presented
in Table 5.2. To assess levels of genetic diversity we sequenced the complete
mitochondrial genome and portions of seven single-copy nuclear genes from each of the
seven isolates. A genetic map of the C. reinhardtii mitochondrial genome is shown in
Figure 5.1, and partial genetic maps of the seven nuclear genes are shown in Figure 5.2.

We sequenced the entire mtDNA in order to employ both intergenic regions and
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synonymous sites in our calculations of gjen — previous studies on genetic diversity in
mitochondrial genomes, due to a paucity of intraspecific sequence data, have tended to
use only synonymous sites for estimating mgjient. Moreover, whole mtDNA sequences
from C. reinhardtii allow for the comparison of synonymous-site nucleotide diversity
(msyn) in the standard mitochondrial protein-coding genes to that of 7¢/, a mitochondrial
open reading frame (ORF) in the C. reinhardtii mtDNA coding for a putative reverse
transcriptase-like protein (Boer and Gray 1988). It has been suggested that synonymous
sites in r#/ are under less selective constraints than those of the standard mtDNA protein-
coding genes and that they may be more appropriate for estimating the neutral mutation
rate in the mitochondrial compartment (Popescu and Lee 2007). For the nuclear loci, we
sequenced mostly introns rather than exons because it is believed that in the C.
reinhardtii nuclear genome intronic sites are more neutrally evolving than synonymous
sites and may give more reliable estimates of the neutral mutation rate (Popescu et al.
2006). Sequences for two of the nuclear loci from the seven isolates have been previously
reported (Dietmaier et al. 1995; Sugase et al. 1995; Liss et al. 1997) allowing us to
confirm both our strain assignations and sequencing methods.

We were able to obtain the complete mtDNA sequence from an eigth strain of C.
reinhardtii (CC-503) by collecting and assembling mtDNA sequences that were
generated from the C. reinhardtii nuclear genome sequencing project (Merchant et al.
2007). Both C. reinhardtii CC-503 and C. reinhardtii CC-277 (one of the seven isolates
described in Table 5.2) are cell-wall-less mutants recovered from the same “Ebersold-
Levine” wild-type background of C. reinhardtii, but they have been separated for at least
35 years (Harris 2009). The mtDNA sequence of C. reinhardtii CC-503 is identical to
that of C. reinhardtii CC-277; and when we downloaded the sequences of the seven
nuclear loci for C. reinhardtii CC-503, they too were identical to those of C. reinhardtii
CC-277. Therefore, for the purpose of this study we will be considering C. reinhardtii
MA-1 as synonymous with C. reinhardtii CC-277 and CC-503.

Prior to this study a complete mtDNA sequence for C. reinhardtii was already
available (GenBank accession number NC _001638); this sequence, which resulted from
the accumulated efforts of multiple parties, mostly came from C. reinhardtii CC-277, or

in some cases from strains having the same genetic background as C. reinhardtii CC-277.
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The mtDNA sequence of C. reinhardtii CC-277 presented here differs at 46 positions
relative to NC_001638; because 44 of these 46 differences are also present in the mtDNA
of the other six C. reinhardtii isolates described here and because the C. reinhardtii CC-
277 mtDNA sequence from this study was shown to be identical to the C. reinhardtii CC-
503 mitochondrial genome, we feel that our version of the C. reinhardtii CC-277 mtDNA
is currently the most accurate and that the discrepancies between our sequence and

NC 001638 are the result of sequencing errors in the latter.

It is important to note that our annotation of the C. reinhardtii mitochondrial
genome (Figure 5.1) does not contain the so-called rRNA-coding modules L2b and L3a.
In previous studies each these modules was presumed to code for a non-core region of the
large subunit (LSU) rRNA (Boer and Gray 1988). However, because sequence homologs
of L2b and L3a have not been identified in the mtDNA of close relatives to C. reinhardtii
(Popescu and Lee 2007; Denovan-Wright et al. 1994; Fan et al. 2003), or in any other
genome, we have classified these regions as intergenic DNA, and have treated them as

such for all genetic analyses.

Nucleotide Diversity

Summary statistics of the nucleotide diversity in C. reinhardtii are shown in Table
5.3. Two measures of nucleotide diversity were used to calculate variation within the C.
reinhardtii mitochondrial and nuclear genomes: m, which is the average number of pair-
wise nucleotide differences per site between sequences in a sample (Tajima 1989), and
Ow, which is based on the number of polymorphic sites in a sample of sequences but is
independent of their frequency (Watterson 1975). With respect to both measures, the
nuclear compartment shows significantly more silent-site nucleotide diversity than the
mitochondrial compartment: net values of mjene for the nuclear DNA and mtDNA were
31.96 x 10” and 8.54 x 107, respectively. Net values of By at silent sites are slightly
higher at 33.02 x 10~ for the nuclear compartment and 9.18 10™ for the mitochondrial
compartment. In all cases, silent sites in the various nuclear loci show more diversity than
the silent sites in the mitochondrial compartment. The only exception to this is the
nuclear gene CBLP, which has less synonymous-site diversity (g = 2.77 X 107) than

that of the mitochondrial protein-coding regions. Within the mitochondrial compartment,

86



diversity at intergenic and synonymous sites is similar (8.92 x 10 vs. 8.52 x 10™), as is
the diversity of protein-coding regions and regions coding for structural RNAs (2.06 x 10°
3 vs. 2.42 x 107). The mitochondrial gene r#/, which encodes a putative reverse
transcriptase, shows more diversity than the other mitochondrial protein-coding genes
when all three codon sites are considered (3.07 x 107 vs. 2.06 x 10) and slightly less
diversity when looking only at synonymous sites (7.88 x 10~ vs. 8.52 x 10~); however, it

is unlikely that these observations are statistically significant.

Insertions and Deletions

For both the nuclear and mitochondrial compartments, insertions and deletions
(indels) represent a large proportion of the observed polymorphisms (Table 5.3). In our
alignments of the nuclear loci from the seven different strains of C. reinhardtii, 36% of
mismatched nucleotides result from indels. The nuclear indels range from 1-31
nucleotides (nt) in length and have an average size of 4.5 nt. In the mitochondrial
compartment indels represent 20% of the mismatched nucleotides. The mitochondrial
indels range from 1-6 nt in length and have an average size of 2.5 nt. It is important to
note that our estimates of nucleotide diversity shown in Table 5.3 are derived from sites
in the alignment where all seven strains of C. reinhardtii have a nucleotide; therefore,
sites corresponding to indels were removed from the alignment. If our methods for
calculating  are modified to include indels (by counting each gap in the alignment as a
nucleotide change) the overall values of mjjen in the nuclear and mitochondrial
compartments become 49.27 x 10~ (£ 4.89 x 10°) and 10.93 x 10~ (£ 1.96 x 10™),

respectively.

Testing for Neutrality

Two statistical tests were performed on the mitochondrial and nuclear datasets to
examine for traces of selection: Tajima’s D-test, which compares the average number of
nucleotide differences between pairs of sequences to the total number of segregating sites
(24), and the McDonald-Kreitman test, which compares the ratio of nonsynonymous to
synonymous differences observed within a species to that observed between species

(McDonald and Kreitman 1991). Tajima’s D is slightly negative in all cases pertaining to

87



the mitochondrial compartment and in most cases pertaining to the nuclear compartment,
but it is slightly positive for a few of the nuclear loci (the exons of MAT3 and PDK, and
the introns of CBLP, PETC, PDK, and ACTIN) (Table 5.3). In no case is Tajima’s D-test
statistically significant. The McDonald-Kreitman test was performed by comparing the
ratio of nonsynonymous to synonymous polymorphisms within C. reinhardtii to the ratio
of nonsynonymous to synonymous fixed differences between C. reinhardtii and
Chlamydomonas incerta (one of the closest known non-interfertile relatives of C.
reinhardtii (Proschold et al. 2005) (Table 5.4) — this was done for all of the protein-
coding regions surveyed in this study. Overall, no significant departures from neutral
expectations were detected for any of the mitochondrial or nuclear loci, and in no case is

the McDonald-Kreitman test statistically significant.

Mitochondrial Introns

Three of the C. reinhardtii strains (PA-1, MA-2, and FL) have introns in their
mtDNA (Figure 5.1). C. reinhardtii MA-2 has a single intron, inserted into cob; C.
reinhardtii FL has two introns, one in the L5-rRNA-coding module (the L5-intron) and
one in the L7-rRNA-coding module (the L7-intron); and C. reinhardtii PA-2 has three
introns, two in cox/ and the L5-intron (note: the DNA sequence of the L5-intron in C.
reinhardtii PA-2 is identical to that of C. reinhardtii FL). Of these introns only that of
cob in C. reinhardtii MA-2 has been previously described (Colleaux et al. 1980). Like the
intron of cob in C. reinhardtii MA-2, each of the four introns presented here has an ORF
for which the deduced amino acid sequence shows similarity to a LAGLIDADG-type
endonuclease. RT-PCR experiments confirm that all five introns, including their ORFs,
are spliced-out in mature transcripts. Secondary-structure modeling suggests that the two
introns in cox/ are group-I introns belonging to subgroup D. Our analyses of the L5 and
L7 introns suggest that they lack the core sequence and potential secondary structure
necessary to be classified as either group-I or group-II introns; thus, at the present time
they are considered highly-degenerate “unclassified” introns. A 35 nt duplicated portion
of the L5 rRNA-coding module is found within the 5 end of the L5 intron; RT-PCR
experiments validate that this segment is in fact a component of the intron. The insertion

sites of the L5 and L7 introns within the C. reinhardtii mtDNA and the nature of the
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repeat found within the L5 intron are described in Figures 5.3A, 5.3B, and 5.3C,
respectively. The insertion sites of the L5 and L7 introns in context to the C. reinhardtii

LSU rRNA sequence are shown in Figure 5.3D.

Discussion
Accounting for the Differences in Ilen

Before we interpret our data on nucleotide diversity in relation to the mutational-
hazard hypothesis, let us first try to account for the values of mgjen that we observed.
Overall, in C. reinhardtii we found 3.7-fold more nucleotide diversity at silent sites in the
nuclear compartment than in the mitochondrial compartment; and when indels are taken
into consideration, Tgjent appears to be 4.5 times greater in the nuclear DNA compared to
the mtDNA. Assuming that mgjene 1S equal to 2N,, we can discuss our findings on
nucleotide diversity in relation to p and N,.

In a recent study that compared silent-site substitution rates in the mitochondrial
and nuclear genomes between C. reinhardtii and C. incerta, it was concluded that the
mutation rate in the nuclear compartment of these taxa is approximately the same as that
in the mitochondrial compartment (Popescu et al. 2006; Popescu and Lee 2007). If p is
similar in both the nuclear DNA and mtDNA of C. reinhardtii, then it appears that
differences in N, would have to explain the disparity in nucleotide diversity that we
observe between these genomes.

In order to arrive at the values of mjen Observed in this study, Ny would have to be
higher for the nuclear genome than for the mitochondrial genome (again, assuming equal
mutation rates); there are a few reasons why this might be the case. For the haploid alga
C. reinhardtii, nuclear genes are inherited biparentally and mitochondrial genes are
inherited uniparentally (Harris 2001). As mentioned earlier, uniparental inheritance is
thought to reduce N, in the mitochondrial compartment by approximately one-half
relative to that in the nucleus (Birky et al. 1989). Thus, for C. reinhardtii we might expect
a value of 7jjent in the mitochondrial compartment to be around one-half of what is
observed in the nuclear compartment. Uniparental inheritance also implies that the
mtDNA of C. reinhardtii has less opportunity for recombination than the nuclear DNA,

which may make the mitochondrial genome as a whole more susceptible to the effects of
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selective sweeps and purifying selection, both of which can reduce N,, resulting in an
even smaller than expected value of 7jjen: in the mitochondrial compartment (Bazin et al.
2006; Meiklejohn et al. 2007). One way to detect the influences of selection is with the
McDonald-Kreitman test, where positive selection is inferred if the test returns a value
for the neutrality index (NI) < 1, and purifying selection is indicated by NI > 1 (Rand and
Kann 1998; Bazin et al. 2006; Meiklejohn et al. 2007). Although the results of the
McDonald-Kreitman test for C. reinhardtii versus C. incerta showed no significant
departure from neutral expectations, values of NI were < 1 for r¢/ and the concatenated
sequence of the standard mitochondrial protein-coding regions (Table 5.4), which might
be an indication of positive selection. Moreover, Tajima’s D test returned negative values
for all of the mtDNA regions that were examined (Table 5.3) — negative values of
Tajima’s D test can be an indication of a recent selective sweep of a linked mutation
(Tajima 1993) — but again these findings were not statistically significant.

A further consideration is that the mutation rate in the C. reinhardtii
mitochondrial compartment may be slightly lower than that in the nuclear compartment.
When Popescu and Lee (2007) estimated p to be similar for both the nuclear and
mitochondrial genomes of C. reinhardtii, they used the synonymous substitution rate in
rtl (which was about double that of the standard mitochondrial protein-coding regions) as
an estimate of the neutral mutation rate in the mitochondrial compartment. In contrast, we
found 7y, 1n 7t/ to be similar to that of the standard mitochondrial protein-coding regions
(7.88 x 107 vs. 8.52 x 10™), and although this could be an artifact of a small sample size,

it might suggest that Popescu and Lee overestimated p in the C. reinhardtii mtDNA.

ILjen in Relation to Previous Studies on C. reinhardtii and Other Unicellular Eukaryotes

Our estimates of 7jent in the nuclear and mitochondrial genomes of C. reinhardtii
are approximately 32 x 10~ and 8.5 x 107, respectively; and with indels factored in, these
values become ~ 50 x 10 for the nuclear DNA and about 11 x 107 for the mtDNA. The
only other estimates of nucleotide diversity in the C. reinhardtii nuclear and
mitochondrial genomes that we could find were that of Lynch and Connery (2003), who,
using 11 kb of mostly noncoding nuclear DNA from C. reinhardtii strains MA-1 and
MN, found 7jien in the nuclear compartment to be ~ 40 x 107 (they estimated N, to be ~
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20 x 10™), which is in agreement with our observations. With respect to other green
algae, we are unaware of any reported estimates of within-population silent-site variation
in either nuclear or mitochondrial genomes.

There is an overall lack of data on 7. for unicellular species; however, the data
that are available are relatively consistent with our results for C. reinhardtii. Among
unicellular fungi, average values of mjen: in the nuclear and mitochondrial compartments
(based on data for three different species) were estimated to be 50 x 10~ and 12 x 107,
respectively (Lynch and Conery 2003; Lynch et al. 2006), which is comparable to what
we observed in C. reinhardtii. Furthermore, the genera Paramecium and Trypanosoma
appear to have ratios of Tiient(mitochondrion)/ Tsilent(nucleus) Of @pproximately 0.4 (Lynch et al.
2006), which is within the range of our estimates for C. reinhardtii (0.2-0.25). All studies
deriving measures of Tjent from the mitochondrial genome of unicellular eukaryotes have
used three or fewer loci for their estimates and have tended to focus only on synonymous
sites, which makes our analysis one of the most comprehensive for any mitochondrial
genome from a unicellular eukaryote to date.

It is also of interest to compare the nucleotide diversity of C. reinhardtii to that of
multicellular species. Our estimation of nucleotide diversity in the nuclear genome of C.
reinhardtii 1s much greater than that observed for animals: ~ 9 times larger than the
average estimate for mammals (3.6 x 10~), and 2 times greater than the average for
invertebrates, which is believed to be < 14.8 x 10~ (Lynch and Conery 2003). Our
approximation of 7gjen for the mitochondrial genome of C. reinhardtii is much smaller
than that of animals: 0.2 times the average for mammals (40 x 10~) and 0.1-0.6 times the
average for invertebrates (11 x 10°— 67 x 10”) (Lynch 2006). In comparison to land
plants, C. reinhardtii has twice the amount of silent-site nucleotide variation in its nuclear
genome (Tjiene in land plants is estimated to be ~ 15 x 10'3), and although we are unaware
of any reliable assessments of Tjene in land plant mtDNA, it is purported to be < 0.4 x 10
3 (Lynch et al. 2006), which is less than 0.05 times what we observed for the C.
reinhardtii mtDNA.
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Testing the Mutational-hazard Hypothesis

At first glance, our estimates of nucleotide diversity in the mitochondrial and
nuclear genomes of C. reinhardtii appear contrary to what would be expected under the
mutational-hazard hypothesis. We found mgjen: to be ~ four times greater in the nuclear
compartment than in the mitochondrial compartment, but based on the streamlined nature
of the C. reinhardtii mitochondrial genome in relation to its noncompact nuclear genome,
one might expect the mutational-hazard hypothesis to predict a greater value of mgjjent for
the mtDNA. However, before we conclude that our findings are in opposition to the
mutational-hazard hypothesis, we must first consider what the actual “encumbrance” of
noncoding DNA is for the mitochondrial and nuclear genomes in C. reinhardtii.

As described earlier, the basic premise of the mutational-hazard hypothesis is that
noncoding DNA magnifies the target site for deleterious mutations, thereby, increasing
the susceptibility of a genome to degenerative changes. The mutational disadvantage of
noncoding DNA, therefore, is critically dependent on: 1) the number of nucleotides that
are associated with gene function (n), and 2) the per-nucleotide mutation rate (n). These
two terms can be combined to define the overall mutational disadvantage (s), where s =
nu (Lynch et al. 2006; Lynch 2002). It is predicted that the threshold in a genome below
which noncoding DNA can proliferate is 2N,s < 1, or alternatively 2N.u < 1/n (Lynch et
al. 2006; Lynch 2002). Although it is difficult to estimate » for intergenic regions, values
of n for intronic regions can be predicted with reasonable confidence. For the
spliceosomal introns of eukaryotic genomes, 7 is believed to be around 25 (Lynch 2002),
which gives a threshold for intron colonization in the nuclear compartment of 2N, <
0.04. Because mitochondrial introns are self-splicing and do not rely on a spliceosome for
excision they have more nucleotides that are critical for proper splicing; thus, we can
conservatively say that for mitochondrial introns 7 is between 75-100 (see Lang et al.
[2007] for a review on mitochondrial-intron folding), giving a threshold for intron
proliferation in the mitochondrial compartment of ~ 2N, < 0.01. Based on the
mutational-hazard hypothesis, our estimates of 2N, (i.€. Tilene) 1n the nuclear and
mitochondrial compartments of C. reinhardtii, whether including or excluding the
influence of indels, lie too close to the predicted thresholds for intron proliferation in

these genomes to accurately forecast intron abundance.
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We do not know what the encumbrance of intergenic regions is for either the
nuclear or the mitochondrial genome of C. reinhardtii, but if it is (or was at some point in
the past) substantially higher for the mtDNA than the nuclear DNA, it would indicate that
the mitochondrial compartment is a less permissive environment for the proliferation of
intergenic DNA. And although this is highly speculative, there is one reason why this
might be the case. In the C. reinhardtii mitochondrial genome, mature-RNA transcripts
are generated by precise endonucleolytic cleavage of long polycistronic precursor-
messenger RNAs; it is believed that these immature transcripts are cleaved in regions of
the RNA corresponding to intergenic sites in the mitochondrial genome, and that
processing is critically dependent on the primary sequence and the secondary structure of
these regions (Gray and Boer 1988). This dependence implies that the intergenic sites in
the C. reinhardtii mitochondrial genome may have a large mutational burden associated
with them, perhaps large enough to impose a barrier on the amplitude of intergenic
mtDNA. Moreover, the polycistronic nature of the C. reinhardtii mitochondrial
transcripts suggest that the regulatory elements within the intergenic mtDNA carry the
increased burden of being responsible for many genes — a burden not typically
associated with the monocistronic gene regulation of nuclear DNA (Gurley et al. 2006).

If the burden of intronic and intergenic DNA is higher in the mtDNA of green
algae and other protists, then we might expect to find very low values of 7jjen in the
mitochondrial genomes of species from these groups that have an abundance of intronic
and intergenic sequences — for examples see references (Pombert et al. 2006; Turmel et
al. 2007; Forget et al. 2002).

It is worth noting that the C. reinhardtii chloroplast genome when compared to its
mitochondrial counterpart has a similarly low density of introns but a substantially
greater proportion of intergenic DNA (Maul et al. 2002). Using 1500 nt of chloroplast
DNA (composed of the petA gene and a single intergenic region) we found no nucleotide
polymorphisms in any of the seven geographical isolates of C. reinhardtii employed in
this study (Smith DR and Lee RW, unpublished data). For a genome rich in intergenic
DNA this value is consistent with what one might expect under the mutational-hazard

hypothesis.
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Novel Mitochondrial Introns

An unforeseen consequence of this study is the discovery of four previously
unreported C. reinhardtii mitochondrial introns, two of which (the L5 and L7 introns) are
unusual. Although a detailed description of these introns is beyond the scope of this
paper, they each contain a characteristic that is notable: 1) the L5 intron carries a 35 nt
portion of the L5 rRNA-coding module within the 5" end of its DNA sequence — this is
an unprecedented feature for a mitochondrial intron. And 2) the insertion site of the L7
intron in relation to the C. reinhardtii LSU-TRNA secondary-structure model of Boer and
Gray (1988) corresponds to domain III (Figure 5.3); we believe this to be the first
example (for any taxon) of an intron found in domain III of the LSU rRNA.

The discovery of four new optional introns in the C. reinhardtii mtDNA does not
alter the notion that in C. reinhardtii the mitochondrial compartment is significantly more
compact than the nuclear compartment: the mitochondrial genome of C. reinhardtii PA-
1, the isolate with the most introns, is still ~ 67% coding compared to < 20% for the

nuclear genome.

Conclusions

The main objective of this study was to investigate genome compactness from a
population-genetic perspective and, in doing so, test a contemporary hypothesis regarding
the origins of genome architecture — the mutational-hazard hypothesis. Our findings
may not appear to be in full agreement with the mutational-hazard hypothesis: we found
approximately four times more nucleotide diversity in the nuclear compartment of C.
reinhardtii relative to the mitochondrial compartment. However, when the 2Ngu-
threshold for the proliferation of intronic and intergenic DNA is considered, we conclude
that introns impose a greater burden on C. reinhardtii mtDNA and suggest that the
intergenic regions of this genome do so as well. Overall, we cannot reject the mutational-

hazard hypothesis.
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Table 5.1. Genbank Accession Numbers of the C. reinhardtii MtDNA and NucDNA Sequences Employed for Measuring
Nucleotide Diversity

mtDNA? CBLP* PETC* PDK*? MAT3? SFA? ACTIN-VIII® YPT4-VI” YPT4-VII®

Strain

CC-277° EU306622 EU306630 EU306651 EU306644 EU306632 EU306658 D50838 U13167 U13167
CC-1373 EU306617 EU306625 EU306646 EU306639 EU306633 EU306653 U70571 U55911 U55912
CC-1952 EU306621 EU306626 EU306647 EU306640 EU306634 EU306654 U70563 U55893 U55894
CC-2342 EU306620 EU306627 EU306648 EU306641 EU306635 EU306655 U70569 U55905 U55906
CC-2343 EU306623 EU306628 EU306649 EU306642 EU306636 EU306656 U70561 U55889 U55890
CC-2344 EU306619 EU306629 EU306650 EU306643 EU306637 EU306657 U70562 U55891 U55892
CC-2931 EU306618 EU306624 EU306645 EU306638 EU306631 EU306652 U70568 U55901 U55902

* Present study.

® Sequences from (Liss et al. 1997) except for D50838, which is from (Sugase et al. 1995), and U13167, which is from (Dietmaier et
al. 1995).

¢ The mitochondrial genome from this strain was shown to be identical to that of C. reinhardtii CC-503.
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Table 5.2. C. reinhardtii Strains Used for Measuring MtDNA and NucDNA Diversity

Mating Strain Synonym Geographical Origin (USA) Abbreviation * Reference
Strain Type
CC-277 mt" cwls Amherst, Massachusetts MA-1 Harris (2009)
CC-1373 mt" C. smithii South Deerfield, Massachusetts MA-2 Hoshaw and Ettl (1966)
CC-1952 mt C. grossii Plymouth, Minnesota MN Gross et al. (1988)
CC-2342 mt Jarvik 6 Pittsburgh, Pennsylvania PA-1 Spanier et al. (1992)
CC-2344 mt" Jarvik 356 Malvern, Pennsylvania PA-2 Spanier et al. (1992)
CC-2931 mt Harris 6 Durham, North Carolina NC Harris (2009)
CC-2343 mt" Jarvik 124 Melbourne, Florida FL Spanier et al. (1992)

 Strain abbreviations are based on the USA state from which the strains were isolated.
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Table 5.3.

Nucleotide Diversity in the Mitochondrial and Nuclear Compartments of C. reinhardtii

# K # of Indels® nx10° Bwx10° | yx 107 | muax 107 | Tajima’s D test
of sites (Iength nt) (SD x 107) (SD x 10?) (P value)

mtDNA [ Complete genome® 15280 134 15 (36) 3.35(0.68) 3.66 (0.31) -0.49 (>0.10)
Protein-coding” 8154 44 1 (6) 2.06 (0.43) 2.20 (0.33) 8.52 0 -0.38 (>0.10)

structural RNA genes® 3502 23 4 (4 2.42 (0.42) 2.68 (0.56) -0.55 (>0.10)

rtl 1118 9 1 (3) 3.07 (0.87) 3.29 (1.10) 7.88 1.89 -0.35 (>0.10)
Intergenic* 2434 58 9 (23) 8.92 (1.88) 9.73 (1.28) -0.48 (>0.10)

Silent sites® 5152 99 12 (26) 8.54 (1.03) 9.18 (0.65)
Nuclear |Intronic (overall) 4294 | 359 47 (216) 33.50 (3.15) | 33.81(1.79) -0.16 (>0.10)
DNA " TIilent sites’ 4824 | 381 50219) | 31.96(3.03) | 33.02(1.88)

Exonic (overall) 1614 25 1 (9) 6.02 (0.99) 6.58 (1.29) 19.57 1.42 -0.48 (>0.10)

Exonic CBLP 420 1 0 0.68 (0.47) 0.97 (0.97) 2.77 -1.00 (>0.10)

(by gene) PETC 300 2 0 2.54 (0.78) 2.72(1.92) 9.69 -0.27 (>0.10)

PDK 222 3 0 6.86 (1.88) 5.52(3.18) 26.35 1.10 (>0.10)

MATS3 408 10 1 (9) 10.50 (2.70) 10.00 (3.16) 2437 4.77 0.27 (>0.10)

SFA 264 9 0 9.74 (2.80) 13.91 (4.64) 41.14 -1.59 (>0.10)

Intronic CBLP 578 77 8 (75) 58.30 (7.41) | 54.30 (6.20) 0.26 (>0.10)

(by gene) PETC 621 43 3 (5 30.21 (6.07) 28.26 (4.31) 0.39 (>0.10)

PDK 691 37 8 (42) 23.22(5.58) | 21.86(3.59) 0.20 (>0.10)

MATS3 560 30 4 (25) 21.60 (3.03) | 21.87(3.99) -0.07 (>0.10)

SFA 847 98 12 (15) 43.57 (4.53) | 48.67(4.77) -0.61 (>0.10)

YPT4 790 47 9 (39) 22.66 (4.50) | 24.28 (3.54) -0.38 (>0.10)

ACTIN 207 27 3 (15) 53.37(8.18) | 53.37(10.2) 0.01 (>0.10)

Note: S, number of segregating sites; Indels, insertion and deletions; &, nucleotide diversity; By, Theta (per-site) from Watterson
estimator; my,, nucleotide diversity at synonymous sites; masyn, Nucleotide diversity at nonsynonymous sites; SD, standard deviation.
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* Includes only one telomere.

®Includes all protein-coding genes excluding rl.

¢ Includes rRNA- and tRNA-coding regions.

4 Includes intergenic regions and one telomere.

¢ Includes synonymous sites, intergenic regions, and one telomere.
"Includes synonymous sites and intronic regions.

£ Nucleotide diversity does not include indels. Consecutive indel sites are counted as single event. Indel length refers to the sum of all
indels.
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Table 5.4. McDonald-Kreitman Test Comparing the Ratio of Nonsynonymous to Synonymous Differences within C. reinhardtii
to that Found Between C. reinhardtii and Chlamydomonas incerta

Polymorphisms Substitutions between NI G P
within C. reinhardtii C. reinhardtii and C. incerta
mtDNA Protein-coding® Nonsynonymous 3 61 0.653 0.533 0.465
Synonymous 36 478
rtl Nonsynonymous 5 111 0.746 0.185 0.667
Synonymous 4 119
Nuclear Exonic (overall)’ Nonsynonymous 1 18 0.159 4.837 0.027
DNA Synonymous 21 60
CBLP Nonsynonymous 0 0 undef undef undef
Synonymous 1 1
PETC Nonsynonymous 0 3 0.000 undef | undef
Synonymous 2 4
PDK Nonsynonymous 0 2 0.000 undef | undef
Synonymous 3 18
MAT3 Nonsynonymous 1 9 0.677 1.081 0.298
Synonymous 6 18
SFA Nonsynonymous 0 4 0.000 undef undef
Synonymous 9 19

Note: NI, neutrality index (ratio of nonsynonymous to synonymous polymorphisms within C. reinhardtii compared to the ratio of
nonsynonymous to synonymous fixed differences between C. reinhardtii and C. incerta); G, G-test of independence (determines if the
proportion of nonsynonymous substitutions is independent of whether the substitutions are fixed or polymorphic); P, probability of G-
test; undef, undefined. C. incerta data came from (6) and (7). Note: in no case was the McDonald-Kreitman test statistically
significant.

*Includes all protein coding genes excluding rzl.
® Concatenated exons from all 5 nuclear genes.
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Chlamydomonas reinhardtii mitochondrial genome

&~

cob nad4 nadb (PA-1) (PA-1) (PA-1/FL) (FL)
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Figure 5.1. Genetic Map of the C. reinhardtii Mitochondrial Genome, Including All Currently Identified Optional Introns

Intronic regions and their open reading frames are boxed in blue inside their associated genes. The C. reinhardtii strains (Table 5.2) in
which the different introns occur are labeled in parentheses. Solid arrows denote the transcriptional polarities. Note: due to the

presence/absence of introns among the different strains, the size of the C. reinhardtii mitochondrial genome can vary from 15,782 nt

to 18,990 nt.
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Figure 5.2. Partial Genetic Maps of the Seven C. reinhardtii Nuclear-encoded Genes
Used for Measuring Nucleotide Diversity

The bracketed segment beneath each map represents the region that was PCR amplified.

Left of each map is the name of the gene, the approximate size of the region that was

PCR amplified, and the location of the gene within the C. reinhardtii nuclear genome —

locations are based on the C. reinhardtii draft nuclear genome sequence version 3.0.

Exons are green; they are labeled with an “E” and a number denoting their position

within the gene. Introns are blue and are labeled with a roman numeral denoting their

location within the gene. Note: each of these genes is present only once in the C.

reinhardtii nuclear genome.
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Figure 5.3. Schema of the Introns in the L5- and L7-rRNA-coding Modules

The vertical arrows in (A) show the intron insertion sites within the C. reinhardtii
mtDNA. (B) and (C) depict the introns in the L5- and L7-rRNA-coding modules,
respectively; rRNA- and tRNA-coding regions are orange; introns are light blue; intronic
open reading frames are boxed in dark blue within their respective introns; L5-frag refers
to a duplicated segment of the L5-rRNA-coding module (the first 35 nt of the module are
duplicated); bracketed portions of the map represent regions that were shown to be
spliced-out in mature transcripts. (D) depicts the intron insertion sites in the context of
the large subunit (LSU) ribosomal RNA sequence of C. reinhardtii; arrows point to the
region where the introns are inserted; numbers above the arrows denote the position of
the residue that immediately precedes the insertion site: un-bracketed numbers
correspond to the residue in the 23S rRNA gene of Escherichia coli (Cannone et al. 2002)
and bracketed numbers correspond to the residue in the LSU-rRNA secondary-structure
model of Boer and Gray (1988). Note: the C. reinhardtii strains in which these introns

occur are shown in Figure 5.1.
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CHAPTER 6: NUCLEOTIDE DIVERSITY IN THE CHLAMYDOMONAS
REINHARDTII PLASTID GENOME: ADDRESSING THE MUTATIONAL-HAZARD
HYPOTHESIS

Published as:
Smith DR, Lee RW (2009) Nucleotide diversity in the Chlamydomonas reinhardtii
plastid genome: addressing the mutational-hazard hypothesis. BMC Evol Biol 9:120.
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Abstract

Background: The mutational-hazard hypothesis argues that the noncoding-DNA
content of a genome is a consequence of the mutation rate (i) and the effective number
of genes per locus in the population (Ng). The hypothesis predicts that genomes with a
high Ngp will have more compact genomes than those with a small Ngu. Approximations
of N, can be gained by measuring the nucleotide diversity at silent sites (Tsijent). We
addressed the mutation-hazard hypothesis apropos plastid genome evolution by
measuring Tjient Of the Chlamydomonas reinhardtii plastid DNA (ptDNA), the most
noncoding-DNA-dense plastid genome observed to date. The data presented here in
conjunction with previously published values of 7jient for the C. reinhardtii mitochondrial
and nuclear genomes, which are respectively compact and bloated, allow for a complete
analysis of nucleotide diversity and genome compactness in all three genetic
compartments of this model organism. Results: In C. reinhardtii, the mean estimate of
Tsitent for the ptDNA (14.5 x 107) is less than that of the nuclear DNA (32 x 10~) and
greater than that of the mitochondrial DNA (8.5 x 107). On average, C. reinhardtii has
approximately four times more silent-site ptDNA diversity than the mean value reported
for land plants, which have more compact plastid genomes. The silent-site nucleotide
diversity of the different ptDNA loci that were studied varied significantly: from 0 to 71
x 107 for synonymous sites and from 0 to 42 x 10~ for intergenic regions. Conclusion:
Our findings on silent-site ptDNA diversity are inconsistent with what would be expected
under the mutational-hazard hypothesis and go against the documented trend in other
systems of Tient positively correlating with genome compactness. Overall, we highlight
the lack of reliable nucleotide diversity measurements for ptDNA and hope that the
values presented here will act as sound data for future research concerning the

mutational-hazard hypothesis and plastid evolution in general.

Introduction

The magnitude of noncoding DNA in genomes can differ dramatically both
among and within evolutionary lineages. This statement holds true for prokaryotic

genomes and for the nuclear, mitochondrial, and plastid genomes of eukaryotes. The
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mutational-hazard hypothesis (Lynch 2007) asserts that much of this observed variation
in genome compactness can be explained by the product of the effective genetic
population size (represented in this study as the effective number of gene copies at a
locus [N,], not individuals) and the mutation rate (i). The hypothesis maintains that an
allele with more noncoding nucleotides than an alternative allele will be selectively
disadvantageous because the excess noncoding DNA can accumulate hazardous
mutations that may negatively impact gene function; the burden (or selective
disadvantage) of the allele containing the surplus of noncoding DNA is determined by p
and the number of additional noncoding nucleotides in the larger allele that can affect
gene function. The hypothesis proposes that natural selection is more efficient at
perceiving the burden of the expanded allele when N, is large; thus, genomes with a high
N, are predicted to be more compact than those with a small Ngu.

Population-genetic theory tells us that at mutation-drift equilibrium the nucleotide
diversity at neutral sites (Tyeurar) 18 €qual to 2Ngu (where N, of uniparentally inherited
organelle genes is thought to be about half that of haploid nuclear genes [Birky et al.
1989]). Estimates of m,euiral can be acquired by measuring the nucleotide diversity at silent
sites (Tsilent), Which include noncoding sites and the synonymous sites of protein-coding
DNA. Because there are many factors that can cause N, to deviate from these neutral
expectations, such as the influence of natural selection on linked variation, the only way
to gain insight into 2N,y is through empirical observation, i.e., by measuring et

As predicted by the mutational-hazard hypothesis, studies have found a positive
correlation between 7jene and genome compactness: for the coding-rich DNA of
prokaryotes Tiien; is generally > 50 x 107; for the more noncoding-dense nuclear DNA
(nucDNA) of land plants ey is in the range of 3 x 10™ to 15 x 107; and for the nuclear
genomes of vertebrates, which abound with noncoding DNA, Tigiien tends to be ~3 x 107
(Lynch and Conery 2003). Similar trends are also observed for mitochondrial genomes:
in the streamlined mitochondrial DNA (mtDNA) of mammals 7tjens 1s ~40 x 10'3,
whereas that for land plant mtDNA, which is predominantly noncoding, is predicted to be
<04x10° (Lynch et al. 2006). The contrast in Tgjient between mammalian and land plant
mtDNA is thought to be a consequence of the high mutation rate in the former and the

low mutation rate in the latter. Mutation rate has also been invoked to explain why,
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despite similar proposed values of Ng, the mitochondrial and nuclear genomes of
mammals have opposite coding densities — in mammals estimates of pu for mtDNA are
roughly 30 times those for nucDNA (Lynch et al. 2006).

It is speculated that 7t for plastid DNA (ptDNA) also correlates positively with
genome compactness (Lynch et al. 2006; Lynch et al. 2007); however, this issue has not
been formally addressed because there are very few ptDNA sequences for which both
Tsilent and genome-compactness data are available — we are aware of only two plastid
genomes for which these two statistics are published: those of Arabidopsis thaliana and
Cycas taitungensis; moreover, the silent-site diversities for these two genomes were
derived in each case from only a single locus and, therefore, may have been
unrepresentative because of a low sampling bias (see the supplementary material of
Lynch et al. [2006]).

Of the 146 complete plastid-genome sequences available at the National Center
for Biotechnology Information (NCBI) as of November 2008, the noncoding-DNA
content ranges from 5%, in the apicomplexan Eimeria tenella, to 56%, in the unicellular
green alga Chlamydomonas reinhardtii — a complete compilation is shown in Appendix
D. Intriguingly, four of the five most bloated ptDNA sequences come from the
Chlorophyta (a phylum containing most of the green-algal diversification), suggesting
that this lineage is ideal for evaluating the mutational-hazard hypothesis vis-a-vis ptDNA.
However, no studies as of yet have measured silent-site ptDNA diversity from the
Chlorophyta. C. reinhardtii, a unicellular haploid alga, is a good candidate for
investigating ptDNA diversity because it has a large (204 kilobases [kb]) and expanded
plastid genome, and it is also a model organism for studying plastids and their
photosynthetic processes (Harris 2001). From the viewpoint of the mutational-hazard
hypothesis, sjient in the C. reinhardtii ptDNA should be less than that of more compact
organelle genomes.

A previous study on C. reinhardtii (Smith and Lee 2008b; Chapter 5) measured
nucleotide diversity in its mitochondrial and nuclear genomes, which are respectively
streamlined (~16-19 kb and ~20-30% noncoding, depending on the presence of optional
introns) and bloated (~121 Megabases and ~83% noncoding). The mutational-hazard

hypothesis would have forecasted mgjen: for the mitochondrial genome to be greater than
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that of the nuclear genome, but instead mgjjens for the mtDNA was found to be four times
smaller than that of the nucDNA (8.5 x 10™ vs. 32 x 10). Although these findings were in
opposition to the mutational-hazard hypothesis, it was suggested that introns in the
mtDNA impose a greater burden than those in the nuclear DNA and predicted that the
same may be true for the mitochondrial intergenic regions (Smith and Lee 2008b; Chapter
5).

It would be interesting to see for C. reinhardtii how values of mjjen: for the plastid
genome compare to those of the mitochondrial and nuclear genomes. When considering
the fraction of noncoding DNA in each of these genomes, the mutational-hazard
hypothesis would predict mjene for the ptDNA to be smaller than that of the mtDNA and
larger than that of the nucDNA. But it is already known, as discussed above, that this is
not the case: in C. reinhardtii the mtDNA has less silent-site diversity than the nucDNA.
If the noncoding regions in the plastid genome carry an inflated burden, as suggested for
those in the mtDNA, then we would expect a very low value of mjjen: for the ptDNA,
much smaller than that of the mtDNA (i.e., << 8.5 x 107). However, if Tgjjen for the
ptDNA is significantly larger than that of the mtDNA but still smaller than that of the
nucDNA, it will be difficult to find any support in our data for the mutational-hazard
hypothesis. In addition, silent-site ptDNA diversity data from C. reinhardtii will allow
for a comparison of the mjene values for the three genetic compartments of this species
with those of Arabidopsis lyrata, the only other species for which reliable mjene €stimates
from ptDNA, mtDNA, and nucDNA are published (Wright et al. 2008). Thus, to directly
confront these issues, we measured mgjjene from the ptDNA of various geographical

isolates of C. reinhardtii.

Materials and Methods

The C. reinhardtii strains used in this study were obtained from the
Chlamydomonas Center at Duke University. DNA was extracted from the same clonal
isolate of each strain as used previously by Smith and Lee (2008b; Chapter 5) for studies
on the nucleotide diversity of the C. reinhardtii mitochondrial and nuclear genomes.
PtDNA was amplified by PCR using total genomic DNA as the template; the purified
PCR products were sequenced on both strands. All of the ptDNA-sequence data
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presented here were blasted against the C. reinhardtii draft nuclear genome sequence
(v3.0) to insure that they are not nuclear-genome-located ptDNA-like sequences
(NUPTS). Our blast results suggest that very few NUPTs are in the nuclear genome (<3
kb), and the few copies that are present are highly degenerate. Nucleotide diversity and
its standard deviation were calculated with DnaSP 4.5 (Rozas et al. 2003) using the
equations of Nei (1987), respectively. Two different methods for calculating silent-site
nucleotide diversity were employed: one that excludes indels (indels-out), which was
employed for calculating mgjenr, and another that considers indels as polymorphic sites
(indels-in), which was used for measuring Tgjjent+. For our estimates of Tjjent+, indels
involving more than one nucleotide were considered to be a single polymorphic site.

We acquired the complete plastid-genome sequence of C. reinhardtii strain CC-
503 by assembling ptDNA sequences collected from the C. reinhardtii Whole Genome
Shotgun Reads Trace Archive Database at GenBank. Blast hits showing >99% similarity
to C. reinhardtii ptDNA were downloaded and assembled; all of the downloaded ptDNA
sequences were subsequently blasted against the C. reinhardtii draft nuclear genome
sequence (v3.0) to insure that no NUPTs were collected. Our assembly of the ptDNA
data gave a complete CC-503 plastid genome with >50-fold coverage.

GenBank accession numbers for the ptDNA sequences produced in this study are
FJ436944-FJ436977, FJ458164-FJ458275, and FJ423446; the latter number represents
the CC-503 plastid-genome sequence.

Results
Strains and Their Genetic Loci

For our analysis we employed seven geographical isolates of C. reinhardtii,
which are listed in Table 5.2 (Chapter 5). These are the same isolates that were
previously used for calculating mgjjent 0f the mtDNA and nucDNA. From each isolate, 14
distinct ptDNA regions were sequenced, amounting to 9.5 kb, 7.2 kb, and 2.7 kb of
intergenic, protein-coding, and rRNA-coding ptDNA, respectively. A genetic map of the
C. reinhardtii plastid genome highlighting these regions is shown in Figure 7.3 (Chapter
7).
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We also produced a complete plastid-genome sequence for C. reinhardtii strain
CC-503 by assembling ptDNA trace files generated by the C. reinhardtii nuclear-
genome sequencing project (Merchant et al. 2007). The complete C. reinhardtii ptDNA
sequence deposited at GenBank (accession number NC 005353) is a mosaic derived by
linking the sequence data of various laboratory strains, most of which came from the
“Ebersold-Levine” wild-type background of C. reinhardtii (Maul et al. 2002) — it is
ideal to avoid using NC 005353 when calculating mgjent because sequence differences
have been found between the ptDNA of some laboratory strains (Maul et al. 2002). A
comparison of our CC-503 ptDNA sequence with NC 00533 reveals 471 single-
nucleotide differences and 955 single-site indels; moreover, when the 14 ptDNA regions
sequenced from the geographical isolates were sequenced from two additional laboratory
strains belonging to the “Ebersold-Levine” wild-type background (CC-277 and CC-2454)
the resulting data were identical to our CC-503-generated sequence but showed
differences with NC 00533, suggesting that at least some of the discrepancies between
CC-503 and NC_00533 are the result of sequencing errors in the latter. Thus, at present,
the C. reinhardtii plastid genome sequence presented here appears to be the most
accurate.

Twenty kilobases of intergenic ptDNA sequence data from an additional
geographical isolate of C. reinhardtii (CC-2290) was obtained by data mining plastid
sequences from GenBank (Table 6.1); because very little of these sequence data overlap

with the 14 regions described above they were only compared to the ptDNA of CC-503.

Nucleotide Diversity

Nucleotide diversity measurements for the three genetic compartments of C.
reinhardtii are summarized in Table 6.2. Net values of mj.en for the plastid genome are
14.5 x 10~ when indels are removed from the alignment and 18.4 x 10~ when indels are
included and counted as polymorphisms (7sjent+); note, indels involving more than one
nucleotide are considered to be a single polymorphic site. These values of 7gjjene and
Tsilent+ fOT the ptDNA are, respectively, 1.7 and 2 times those of the mtDNA, and 0.45 and
0.5 times those of the nucDNA. The nucleotide diversity values for the individual

intergenic regions that were analyzed (outlined in Table 6.3) range from 0 to 41.6 x 107
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(average Tinergenic = 11.3 X 10'3), and the Tineergenic+ measurements for these same regions
span from 0 to 53.2 x 10 (average Tintergenic+ — 14.4 X 107). The synonymous-site
nucleotide diversity of the different protein-coding genes that were sequenced varies from
0to 71.1 x 10° (average Tsyn= 7.8 X 107%; Table 6.3). Relative to the mitochondrial and
nuclear genomes, the ptDNA shows more variance in nucleotide diversity among
different regions: Mintergenic and gy, of the various mtDNA loci range from 0 to 17.3 x 107
(average = 11.4 x 107) and from 1.6 x 10~ to 15.3 x 10~ (average = 8.1 x 107),
respectively; and for the nucDNA, Tinergenic varies from 21.6 x 107 t0 58.3 x 107 (average
=36.1 x 10”) and 7y, extends from 2.8 x 107 to 41.1 x 10 (average = 20.9 x 10”). The
ptDNA diversity of the rRNA-coding regions that were analyzed is 1.8 x 10, which is
slightly smaller than that of the mtDNA rRNA-coding regions (2.4 x 10™) — at present
there are no nucleotide diversity data for rRNA-coding nucDNA.

The silent-site ptDNA diversity between CC-2290 (the strain from which ptDNA
sequences were data mined) and CC-503 is 6.49 x 107 and Tsilent+ 1S 18.78 x 10"3; these
values indicate that in the regions compared between CC-2290 and CC-503, single-site
substitution differences are less frequent and indels are more frequent per site than in the
regions compared in the group including CC-503 and the other six geographical isolates.

The various plastid-DNA loci were examined for traces of selection using
Tajima’s D-test (Table 6.3), which compares the average number of nucleotide
differences between pairs of sequences (i.e., m) to the total number of segregating sites (5)
(Tajima 1989). Tajima’s D is positive for the protein-coding genes atpA, cemA, psbA,
rpoC2, and rpl2 and negative for atpl, orf1995, rps9, and ycf3. All of the analyzed
intergenic regions show positive values for Tajima’s D, with the exception of the atpF-
rpsl1 intergenic spacer, which has a negative D value. The only cases where Tajima’s D-
test is statistically significant are for the protein-coding gene rpoC2 (Tajima’s D = 2.03,
P value < 0.05) and the region between the rRNA-coding genes 23S5-7 and 23-2 (Tajima’s
D =2.10, P value < 0.05).

110



Discussion
Accounting for the Observed Values of IT

At mutation-drift equilibrium, the nucleotide diversity at neutral sites should approximate
2N (Lynch 2007); thus, an essential question of this study is: are the sites that we used
to measure Tjjen: for the C. reinhardtii ptDNA neutrally evolving? We employed both
noncoding sites and synonymous sites in our calculations of mjens; these are generally
considered to be among the more neutrally evolving positions in a genome. Indeed, the
nucleotide diversity at these sites within the C. reinhardtii ptDNA exceeds that of the
more functionally constrained positions, such as first and second codon positions and
rRNA-coding sites. Among the different types of silent-sites, intergenic regions have
~1.8 times more nucleotide diversity than synonymous sites. Given that synonymous
sites can be subject to selection for specific tRNA anticodons, one might expect them to
be under more selective constraints than intergenic regions; therefore, it is not surprising
that nucleotide diversity for the intergenic regions is greater than my,. Even so, because
we sequenced more intergenic sites than synonymous sites, there is not a significant
downward bias to our C. reinhardtii ptDNA-diversity measurements by including
synonymous sites.

Another issue is the discrepancy in nucleotide diversity among the ptDNA loci
that were studied. Factors that can result in inter-loci nucleotide diversity discrepancy
include selection (e.g., balancing-, purifying-, or positive-selection) and inconsistencies
in the mutation rate across the plastid genome; however, without interspecific ptDNA-
divergence data, it would be overly speculative to focus on any one of these factors.
Tajima’s D-test did yield statistically significantly positive values for two of the loci that
were studied, which could be an indication of balancing selection. It is noteworthy that
the magnitude of variation among the C. reinhardtii ptDNA loci is significantly more
pronounced than what is typically observed for ptDNA: the nucleotide diversity of most
plastid genomes appears to be relatively homogeneous across loci (Wu et al. 2006;

Wright et al. 2008). On the other hand, studies indicate that ptDNA substitution rates at
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both synonymous and intergenic sites can vary considerably among loci within a genome
(Wolfe et al. 1987; Shaw et al. 2005; Guisinger 2008).

It would be ideal if we could interpret our ptDNA nucleotide diversity
measurements in relation to p and N,, but this is difficult because the mutation rate for
the C. reinhardtii plastid genome is unknown. There is evidence that p for the mtDNA
and nucDNA of C. reinhardtii are approximately the same (Popescu and Lee 2007), and
consequently the disparity of mgjen between these genomes can be explained by
differences in N, (see Popescu and Lee [2007] for a more detailed discussion). Other
things being equal, in C. reinhardtii we would expect N, of the uniparentally inherited
plastid genome to be about the same as that of the mitochondrial genome, which is also
uniparentally inherited, and about half that of the nuclear genome. Uniparental
inheritance also implies that the organelle DNA has less opportunity for recombination as
a result of sexual reproduction as compared with the nucDNA (Birky et al. 1989),
meaning that it may be more prone to the influences of natural selection on linked
variation (i.e., genetic hitch-hiking), which can cause Ng(organeiie) to deviate from neutral
expectations (e.g., Bazin et al. [2006]). Nevertheless, the only study to seriously
investigate this issue with respect to the ptDNA, mtDNA, and nucDNA from a single
species, A. lyrata, found that N, of the organelle DNA and nucDNA did not depart
significantly from what was expected under neutrality (Wright et al. 2008). Thus, the fact
that silent-site nucleotide diversity in C. reinhardtii ptDNA is only within a factor of two
from that of the mtDNA and nucDNA can easily be accounted for by slight differences in
u and/or N,.

Plastid DNA Diversity for C. reinhardtii Relative to that of Other Taxa

There is a paucity of nucleotide diversity data from ptDNA, and the estimates that
are published are limited to a small number of model land plant species. Most of these
available estimates are listed in the supplementary material of Lynch et al. (2006) who
compiled a summary of silent-site ptDNA diversity values from 17 land plant species and
found that on average Tjjent 1S 3.7 X 10'3, with a standard error of 1.1 x 10~ — most of
these diversity data were calculated using an indels-out approach but some were

generated with the indels-in method (e.g., Huang et al. [2001]). More recently published
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Tsilent €Stimates from the ptDNA of land plants are concordant with these values: 0-1.2 x
10 (Rhododendron spp.) (Chung et al. 2006), ~4 x 10™ (Machilus spp.) (Wu et al.
2006), and ~2 x 107 (Silene spp.) (Muir and Filatov 2007). In comparison, the silent-site
ptDNA diversity of C. reinhardtii is four times the mean estimate for land plants (14.5 x
102 vs. 3.7x 107 ). The average Tsjjent €stimates from the mtDNA and nucDNA of land
plants are, respectively, 0.4 x 10~ and 15.2 x 10” (Lynch and Conery 2003; Lynch et al.
2006). Thus, when considering all three genetic compartments, the 7gjent values from C.
reinhardtii match the general trend observed in land plants, with silent-site nucleotide
diversity being intermediate for the plastid genome, lowest for the mitochondrial genome,
and highest for the nuclear genome; however, there is an overall increase of silent-site
diversity for C. reinhardtii, in all three of its genomes, relative to that of land plants.

To the best of our knowledge, the only species, heretofore, for which nucleotide
diversity data are available from all three genetic compartments is Arabidopsis lyrata
(Wright et al. 2008): values of jjent for the ptDNA, mtDNA, and nucDNA are 1.0 x 107 s
0.35x 107, and 20 x 10, respectively. Therefore, silent-site diversity in the 4. lyrata
ptDNA is 3 times that of the mtDNA and 0.05 times that of the nucDNA. Again, the
same general trend is observed for C. reinhardtii but with a less dramatic difference

between the silent-site diversity of the organelle DNA versus that of the nucDNA.

Addressing the Mutational-hazard Hypothesis

Contrary to what the mutational-hazard hypothesis forecasted, the 7jen: data for
the three genetic compartments of C. reinhardtii do not positively correlate with genome
compactness. In fact, the opposite trend is observed, with silent-site diversity being
lowest for the compact mitochondrial genome (8.5 x 107), greatest for the bloated
nucDNA (32.3 x 10), and intermediary for the plastid genome (14.5 x 10~), which has a
noncoding-DNA density that is halfway between the mtDNA and nucDNA.

Due to a lack of available data, it is difficult for us to compare mgjjent and genome-
compactness values of the C. reinhardtii ptDNA with those of other plastid genomes; we
are aware of only two ptDNA sequences for which both these data are published: those of
Arabidopsis thaliana (Tsiienipiona) = 1.4 X 107; 41% noncoding) and Cycas taitungensis

(Tsitent(ptpNa) = 12.8 X 107%; 37% noncoding) (Lynch et al. 2006). Based on their relative
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fractions of noncoding ptDNA, the mutational-hazard hypothesis would forecast 4.
thaliana and C. taitungensis to have more silent-site ptDNA diversity than C. reinhardtii,
but instead they have less. However, it is important to stress that the mgjen: values for the
A. thaliana and C. taitungensis ptDNA are derived, in each case, from only a single locus
(one protein-coding gene and one intergenic region), and, therefore, may be biased
because of insufficient sampling.

If we assume that the mean mjjen estimate of land plant ptDNA (3.7 x 107),
derived by Lynch et al. (2006), is representative of the silent-site ptDNA diversity in land
plants for which plastid-genome-compactness values are available (i.e., those with
completely sequenced plastid genomes), then, based on the noncoding-DNA densities
(Appendix D) the mutational-hazard hypothesis would predict less silent-site diversity for
the C. reinhardtii ptDNA relative to the more coding-rich plastid genomes of land plants;
however, C. reinhardtii appears to have four times more silent-site ptDNA diversity than
the mean estimate for land plants.

Let us now compare the mgjent and genome-compactness measurements of the C.
reinhardtii ptDNA to those of animal mtDNA — the only organelle genomes for which
these data are readily available. As highlighted earlier, the size and noncoding-DNA
density of the C. reinhardtii plastid genome is significantly larger than that of animal
mitochondrial genomes, but contrary to what would be predicted under the mutational-
hazard hypothesis, the silent-site diversity of animal mtDNA is not dramatically greater
than that of the C. reinhardtii ptDNA. Although reported 7sjjen: values for animal
mitochondrial genomes can be as high as ~67 x 10~ (nematodes), those for arthropods
(~27 x 10™), birds (~17 x 107), echinoderms (~11.7 x 10™), and mollusks (~13.5 x 107)
are between 0.8-1.9 times 7jjene reported here for the C. reinhardtii ptDNA, which is
reasonably close considering the stark contrast in genome architectures.

Of the 114 kb of noncoding nucleotides in the C. reinhardtii plastid genome, <2
kb represent intronic DNA — the remainder are intergenic DNA. Why have intergenic
nucleotides proliferated in the C. reinhardtii plastid genome when intronic DNA has been
kept at bay? One hypothesis could be that in the plastid genome of this taxon the
encumbrance of intergenic DNA is significantly less than that of intronic DNA. Recall,

that under the mutational-hazard hypothesis, the disadvantage of harboring noncoding
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DNA is dependent on the: 1) number of noncoding nucleotides associated with gene
function (n); 2) per-nucleotide mutation rate (n); and 3) effective number of genes per
locus in the population (Ng) — where the overall encumbrance of noncoding DNA 1is a
product of Noun. By measuring nucleotide diversity we were able to approximate 2N ;
however, n is more difficult to estimate. For organelle introns # is believed to be
relatively large, perhaps as high as 100 per intron (Lang et al. 2007), but n for organelle
intergenic regions is generally unknown. One might ask, is there any reason to believe
that intergenic DNA in the C. reinhardtii plastid genome carries a reduced burden (i.e.,
has fewer sites that are crucial for gene function relative to other plastid genomes)? In
regards to this question, two observations are worth noting. In land plants, chloroplast
genes are organized into operons, which are first transcribed into polycistronic primary
transcripts and then subsequently processed into mature monocistronic units via endo-
and exonucleolytic cleavage (Hudson et al. 1987; Barkan 1988; Haley and Bogorad
1990). In C. reinhardtii, however, most chloroplast genes appear to be transcribed into
monocistronic (or in some cases dicistronic) transcripts (Sakamoto et al. 1994; Bruik and
Mayfield 1998; Jiao et al. 2004). Although speculative, it is possible that the intergenic
DNA in the C. reinhardtii plastid genome carries a reduced burden (small #) relative to
that of land plant ptDNA — a mutation in the intergenic DNA of land plant ptDNA could
affect the expression of many genes by interfering with transcriptional or
posttranscriptional steps, an outcome that seems less likely for the C. reinhardtii ptDNA,
which has a preponderance of monocistronically expressed genes. A final comment is
that in C. reinhardtii, genes in the mtDNA, unlike those in the ptDNA, show extensive
transcriptional linkage (Gray and Boer 1988) and although our estimates of 2Ngp for the
mitochondrial genome are low, the intergenic regions are reduced in size, which may

imply that n for mitochondrial intergenic DNA is relatively large.

Conclusion

The primary goal of this study was to measure nucleotide diversity for the ptDNA
of C. reinhardtii and by doing so investigate a novel theory regarding genome evolution

— the mutational-hazard hypothesis. Ultimately, the results presented in this study go
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against the documented trend of mgjene positively correlating with genome compactness,

and thus challenge the central premise of the mutational hazard hypothesis.
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Table 6.1. GenBank Accession Numbers for the PtDNA Sequences Data-mined from
C. reinhardtii strain CC-2290

GenBank Accession Number

CACW10301.b1 CACW10301.g1 CACW10641.b1 CACW10641.g1 CACW11480.g1 CACW14215.bl
CACWI14215.b2 CACW14215.g1 CACWI14215.g2 CACW1919.b1 CACWI1919.g1 CACW22128.bl
CACW23575.b1 CACW23575.g1 CACW23602.b1 CACW23882.b1 CACW24643.b1 CACW24643.¢1
CACW24803.b1 CACW25840.b1 CACW25840.g1 CACW25856.b1 CACW25856.g1 CACW2634.bl
CACW2634.g1 CACW2890.b1 CACW2890.g1 CACW6507.b1 CACWG6507.b2 CACW6507.gl
CACW6507.g2 CACWT7106.g1 CCW7106.bl CACW7225.b1 CACW7225.g1 CACWS8237.bl
CACWS8237.g1 CACWS272.b1 CACWS8272.g1 CACWS8423.b1 CACWS8423.g1 CACWI11480.bl
CACW22128.b1 CACW22128.g1 CACW23882.b1 CACW23882.¢g1
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Table 6.2. Nucleotide Diversity for the Plastid, Mitochondrial, and Nuclear Genomes of C. reinhardtii

Protein-coding regions Intronic/intergenic regions® Silent sites'

ptDNA mtDNA  nucDNA  ptDNA mtDNA  nucDNA  ptDNA mtDNA  nucDNA

# of sites” 7272 8160 1623 9438 2457 4510 16710 5550 5051
Ky 45 44 26 276 58 355 321 104 377
# of Indels” 1 1 1 85 9 47 86 11 48
(length nt) (21) (6) 9) (1672) (23) (216) (1679) (31) (222)
7 x 107 2.82 2.06 6.02 15.17 8.92 33.50 14.53 8.51 32.29
(SDx10%)  (0.34) (0.43) (0.99) (1.70) (1.88) (3.15) (1.18)  (1.03) (3.01)
n4x10° 19.54 10.29 38.63 18.36 9.23 36.00
(SD x 107) (2.03) (2.02) (3.70) (1.40)  (1.96) (3.51)
Tgynx 107 8.46 8.52 19.57
Tngyn X 107 1.14 0 1.42

Note: S, number of segregating (i.e., polymorphic) sites; Indels, insertion-deletion events; &, nucleotide diversity; m;, nucleotide
diversity including both polymorphic sites and insertion-deletion events; gy, nucleotide diversity at synonymous sites; mnsyn,
nucleotide diversity at nonsynonymous sites; SD, standard deviation. Mitochondrial- and nuclear-genome data come from (Smith and
Lee 2008b; Chapter 5).

* Comprises all sites in the nucleotide alignhment, including those with indels.

® Indels involving more than 1 nucleotide are counted as a single event. Indel length includes the sum of all indels and includes
consecutive indel events.

¢ Only includes sites in the alignment without indels.

4 Considers all sites, including those with indels. Consecutive indels are counted as a single polymorphic event. Indel states were
measured using a multiallelic approach.
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Table 6.3. Nucleotide Diversity (by Region) in the C. reinhardtii Plastid Genome

# of S # of Indels” nx 107 %107 Tlgyn X Tlnsyn X Tajima’s D-Test
sites® (length nt) (SD x 10 (SD x 107 103 10° (P value)
PROTEIN-
CODING (by gene)
atpA 501 8 0 17.30 (2.67) --- 71.08 0 0.06 (>0.1)
atpF 213 0 0 0 - 0 0 —
atpl 366 3 0 3.51(1.43) - 13.85 0 -1.01 (>0.1)
cemA 462 2 0 2.27 (4.40) - 5.34 1.34 1.17 (>0.1)
orfl1995 1896 8 0 1.41 (0.56) --- 2.57 1.09 -0.96 (>0.1)
petA 954 0 0 0 - 0 0 —
petG 45 0 0 0 - 0 0 —
psaJ 126 0 0 0 --- 0 0 -
psbA 435 8 0 9.61 (1.46) --- 36.5 1.7 1.48 (>0.1)
psbK 72 0 0 0 - 0 0 —
rpoC2 252 6 0 13.61 (2.85) --- 10.85 14.33 2.03 (<0.05)
rpl2 321 2 0 3.56 (0.74) --- 7.28 2.36 1.64 (>0.1)
rps2 87 0 0 0 - 0 0 —
rps3 126 0 0 0 --- 0 0 —
rps9 462 4 1(21) 3.50 (1.01) - 9.78 1.61 -0.04 (>0.1)
rpsll 105 0 0 0 - 0 0 —
rpsi2 321 0 0 0 - 0 0 -
rpsl9 183 0 0 0 - 0 0 —
tufA 213 0 0 0 - 0 0 -
yef3 315 2 0 1.81 (1.25) --- 3.84 1.19 -1.28 (>0.1)
vef4 399 0 0 0 --- 0 0 -
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# of S # of Indels” nx 107 9% 107 Tlgyn X Tlnsyn X Tajima’s D-Test
sites® (length nt) (SD x 10 (SD x 10 103 103 (P value)
INTERGENIC
(by region)
atpA/psbl 343 1 0 1.75 (0.51) 1.75 (0.51) --- - 1.22 (>0.1)
atpF/rpsll 1556 86 16 (368) 25.61 (9.77) 30.10 (11.15) --- - -1.08 (>0.1)
atpl/psaJ 328 9 0 12.49 (2.42) 12.49 (2.42) --- - 0.61 (>0.1)
petG/rps3 805 5 303 2.97 (0.44) 4.50 (0.76) --- - 0.57 (>0.1)
psat/rpsi2 310 2 0 3.38 (0.65) 3.38 (0.65) --- - 1.17 (>0.1)
psbK/tufA 828 4 2(117) 1.18 (0.37) 3.47 (0.53) --- - 0.06 (>0.1)
psbl/cemA 271 3 2(2) 5.20 (1.18) 8.86 (2.00) --- - 0.00 (>0.1)
rpl2/rps19 808 36 9 (164) 27.36 (5.14) 33.69 (5.70) --- - 0.99 (>0.1)
rps3/rpoC2 1474 88 32 (462) 41.60 (6.65) 53.19.(9.01) --- - 0.71 (>0.1)
rps9/ycf4 344 1 1(21) 1.65 (0.53) 3.29 (0.69) --- - 1.03 (>0.1)
rps18/rps2-1 1115 45 19 (418) 30.47 (9.57) 42.17 (11.33) --- - 0.90 (>0.1)
yef3/ycf4 179 0 0 0 0 --- -- -
238-1/23S-2 909 6 2 (46) 3.97 (0.67) 5.28 (0.89) --- - 2.10 (<0.05)
238-2/58 89 0 0 0 0 - - -
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Note: S, number of segregating (i.e., polymorphic) sites; Indels, insertion-deletion events; m, nucleotide diversity; m:, nucleotide
diversity including both polymorphic sites and insertion-deletion events; gy, nucleotide diversity at synonymous sites; mnsyn,
nucleotide diversity at nonsynonymous sites; SD, standard deviation.

* Comprises all sites in the nucleotide alignment, including those with indels.

® Indels involving more than 1 nucleotide are counted as a single event. Indel length includes the sum of all indels and includes
consecutive indel events.

¢ Only includes sites without indels.

4 Considers all sites, including those with indels. Consecutive indels are counted as a single polymorphic event. Indel states were
measured using a multiallelic approach.



CHAPTER 7: LOW NUCLEOTIDE DIVERSITY FOR THE EXPANDED
ORGANELLE AND NUCLEAR GENOMES OF VOLVOX CARTERI SUPPORTS THE
MUTATIONAL-HAZARD HYPOTHESIS

Published as:
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Abstract

The noncoding-DNA content of organelle and nuclear genomes can vary
immensely. Both adaptive and non-adaptive explanations for this variation have been
proposed. This study addresses a non-adaptive explanation called the mutational-hazard
hypothesis and applies it to the mitochondrial, plastid, and nuclear genomes of the
multicellular green alga Volvox carteri. Given the expanded architecture of the V. carteri
organelle and nuclear genomes (60-85% noncoding DNA), the mutational-hazard
hypothesis would predict them to have less silent-site nucleotide diversity (msjent) than
their more compact counterparts from other eukaryotes — ultimately reflecting
differences in 2N, (twice the effective number of genes per locus in the population
times the mutation rate). The data presented here support this prediction: analyses of
mitochondrial, plastid, and nuclear DNAs from seven V. carteri forma nagariensis
geographical isolates reveal low values of 7jjen: (0.00038, 0.00065, and 0.00528,
respectively), much lower values than those previously observed for the more compact
organelle and nuclear DNAs of Chlamydomonas reinhardtii (a close relative of V.
carteri). We conclude that the large noncoding-DNA content of the V. carteri genomes is
best explained by the mutational-hazard hypothesis, and speculate that the shift from
unicellular to multicellular life in the ancestor that gave rise to V. carteri contributed to a
low V. carteri population size and thus a reduced 2N u. Complete mitochondrial- and
plastid-genome maps for V. carteri are also presented and compared with those of C.

reinhardtii.

Introduction

A striking observation to come from the genomics era is that the amount of
noncoding DNA (defined here as intronic and intergenic DNA) in eukaryotic nuclear
genomes varies by five orders of magnitude (Lynch and Conery 2003; Gregory 2005a).
Similar findings are also observed for organelle genomes (Palmer 1991; Burger et al.
2003; Lynch et al. 2006), for which the noncoding-DNA content can range from 1-95%
for mitochondrial DNA (mtDNA) and from 5-80% for plastid DNA (ptDNA) (Figure
7.1). The reason(s) why some eukaryotic genomes abound with seemingly useless DNA

while others are paragons of compactness has proven to be a difficult question to answer,
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a question that has been dubbed the “C-value enigma” (Gregory 2001), replacing the
earlier “C-value paradox”, which was concerned with the discordance between genome
size and organismal complexity (Mirsky and Ris 1951; Thomas 1971).

There are many hypotheses that confront the C-value enigma, for reviews see
Gregory (2005b), Bennett and Leitch (2005) and Lynch (2007). Some suggest that
noncoding DNA is the direct product of natural selection (e.g., Cavalier-Smith 1982),
whereas others, such as the selfish-DNA hypothesis (Doolittle and Sapienza 1980; Orgel
and Crick 1980), maintain that noncoding DNA arises primarily through neutral
processes. This study addresses a contemporary, non-adaptive hypothesis for the
evolution of noncoding DNA called the mutational-hazard hypothesis (Lynch and Conery
2003; Lynch et al. 2006; Lynch 2006) and applies it to the mitochondrial, plastid, and
nuclear genomes of the multicellular green alga Volvox carteri forma nagariensis
(Chlorophyceae, Chlorophyta).

The mutational-hazard hypothesis is based on the premise that noncoding DNA is
a mutational liability (i.e., more noncoding DNA means more chances for harmful
mutations, such as those causing gene-expression problems). The hypothesis argues that
“the tendency for mutationally-hazardous DNA to accumulate depends on both the
population size and the mutation rate: the latter defines the burden of excess DNA, while
the former defines the ability of natural selection to eradicate it” (Lynch 2007, p. 40).
Therefore, organisms with large effective population sizes and high mutation rates are
predicted to have more compact genomes than those with small effective population sizes
and low mutation rates.

Insights into effective population size (represented in this study as the effective
number of gene copies at a locus [N,], not individuals) and mutation rate (u; defined as
the number of mutations per nucleotide site per generation) can be acquired by measuring
the nucleotide diversity of silent sites (7iient), Which include intergenic and intronic sites
and the synonymous sites of protein-coding DNA. Population-genetic theory tells us that
at mutation-drift equilibrium the nucleotide diversity at neutral sites (Tpeutrar) 1S €qual to
2N, [where N, of uniparentally inherited organelle genes is thought to be about half that
of haploid nuclear genes (Birky et al. 1989)]. Because silent sites are typically regarded

as among the most neutrally evolving positions in a genome, measures of Tjjent Can
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provide an estimate of 2N,.

As predicted by the mutational-hazard hypothesis, large-scale studies have found
a positive correlation between mgjene and genome compactness, with data sets that include
bacterial, organelle, and nuclear DNAs (Lynch and Conery 2003; Lynch et al. 2006;
Lynch 2006). Opponents of the mutational-hazard hypothesis have argued that the data
from which these correlations were derived are weak (Daubin and Moran 2004), and
some studies have found that the connection between mgjiens and genome compactness
does not hold up for some organisms or for some genetic compartments (Gregory and
Witt 2008; Smith and Lee 2008b, 2009a; Chapters 5 and 6). However, a general lack of
available mgene data has prevented a thorough investigation of the mutational-hazard
hypothesis, especially in relation to non-metazoan eukaryotic species. Moreover, the
Tsilent data that are available are often derived from a single locus, and only a few studies
have measured mgient fOr the organelle and nuclear DNAs of the same species.

Already a model for studying the origins of multicellularity and cellular
differentiation (Kirk 1998), V. carteri is also an ideal species for addressing the
mutational-hazard hypothesis. This sexually active alga has three distinct genomes (a
haploid nuclear genome and uniparentally inherited mitochondrial and plastid genomes
[Adams et al. 1990]) all of which contain an abundance of noncoding DNA. Previously,
we presented partial mtDNA and ptDNA sequences for V. carteri and showed that both
of these genomes abound with noncoding DNA (~60-80%) and are the most inflated
organelle DNAs available from the Chlorophyta (Smith and Lee 2009b; Appendix E).
Similarly, the V. carteri nuclear genome, sequenced in 2007 by the United States
Department of Energy Joint Genome Institute (DOE JGI), is ~140 megabases (Mb),
~85% noncoding, and has an average intron-to-gene density of 7.8, placing it among the
most bloated nuclear DNAs (nucDNA) observed from a photosynthetic protist. Indeed,
when nucDNA-encoded genes from V. carteri are compared to their homologs from land
plants and animals, V. carteri generally has a greater intron/gene ratio (Kirk 1998).

Given the expanded architecture of the V. carteri organelle and nuclear genomes,
the mutational-hazard hypothesis would predict them to have less silent-site nucleotide
diversity than their more compact counterparts from other eukaryotes — ultimately

reflecting differences in 2N,p. Although data on mgjen; are limited, especially for green
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algae, we recently measured mgjene from the mitochondrial, plastid, and nuclear
compartments of the unicellular green alga Chlamydomonas reinhardtii (Smith and Lee
2008b, 2009a; Chapters 5 and 6), a close relative of V. carteri. Our Tjen data for C.
reinhardtii were difficult to interpret with respect to the mutational-hazard hypothesis
because no other reliable mgjene €stimates from green algae were available for comparison.
Nucleotide-diversity data from V. carteri would allow for a more thorough evaluation of
the forces affecting genome architecture in these two model species. V. carteri and C.
reinhardtii make a good pair for investigating the evolution of noncoding DNA because
although both species have similar organelle- and nuclear-DNA gene numbers, the
genomes of V. carteri have more noncoding DNA than those of C. reinhardtii (Merchant
et al. 2007; Smith and Lee 2009b; Appendix E; and see the V. carteri DOE JGI nuclear-

genome portal: http://genome.jgi-psf.org/Volcal/Volcal.info.html). This is especially

true for the mitochondrial and plastid genomes of V. carteri, which are more than twice
the size of their C. reinhardtii counterparts.

Here we investigate the correlation between 2N u and genome compactness by
presenting 7jien: €Stimates for the mitochondrial, plastid, and nuclear genomes from seven
geographical isolates of V. carteri f. nagariensis. These data are compared with our
previously-published mgiien values for C. reinhardtii and then placed in a broad
phylogenetic context. Moreover, by building upon our earlier work (Smith and Lee
2009b; Appendix E), we report complete mitochondrial- and plastid-genome maps for V.
carteri (UTEX 2908).

Materials and Methods
Strains and Culture Conditions

The V. carteri strains employed in this study (Table 7.1) were obtained from
either the Culture Collection of Algae at the University of Texas at Austin (UTEX) or the
Microbial Culture Collection at the National Institute for Environmental Studies (NIES)
in Ibaraki, Japan, with the exception of the V. carteri Isanuma male and female strains,
which were graciously provided to us by Stephen Miller of the University Maryland,

Baltimore County. The V. carteri strains were grown in Volvox medium (Provasoli and
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Pintner 1960) at 28°C under a 16-h light/8-h dark cycle; the illumination at 35 umol
photonssm™es™” photosynthetically-active radiation (PAR) was provided by “cool-white”

fluorescent bulbs.

DNA Extraction, Amplification, and Sequencing

For each V. carteri strain, total genomic DNA was extracted using the DNeasy
Plant Mini Kit (Qiagen, Germantown, MD) following the manufacturer’s protocol. The
mtDNA, ptDNA, and nucDNA sequences presented in this study were amplified using a
PCR-based approach. PCR reactions were performed with High Fidelity Platinum
SuperMix (Invitrogen, Carlsbad, CA) using total genomic DNA as the template. PCR
products corresponding to regions with extensive DNA repeats were cloned using the
TOPO TA Cloning Kit (Invitrogen). Purified PCR products and isolated plasmids were
sequenced on both strands using a 3730x]1 DNA Analyzer (Applied Biosystems, Foster
City, CA) at the Macrogen Sequencing Facility in Rockville, MD.

Sequencing and Assembling the V. carteri (UTEX 2908) Mitochondrial and Plastid

Genomes

The complete mitochondrial- and plastid-genome maps for V. carteri strain
UTEX 2908 were generated using a two-pronged approach. First, mtDNA and ptDNA
trace files generated by the DOE JGI V. carteri nuclear-genome sequencing project

(http://genome.jgi-psf.org/Volcal/Volcal .home.html) were data mined from the National

Center for Biotechnology Information (NCBI) V. carteri Trace Archive
(http://www.ncbi.nlm.nih.gov/Traces/) using V. carteri organelle-DNA sequences (Smith

and Lee 2009b; Appendix E) as BLAST (blastn 2.2.21+) queries. The BLAST parameters

were as follows: an expectation value (E-value) of 10; a word size of 11; match and
mismatch scores of 2 and -3, respectively; and gap-cost values of 5 (existence) and 2
(extension). Trace files showing >90% sequence identity to V. carteri organelle DNA in
BLAST alignments were downloaded and then scanned for trace files originating from
inserts (i.e., shotgun-sequencing fragments) with lengths greater than 7 kilobases (kb).
Trace files from large inserts were pooled and used to arrange in the proper orientation

the mtDNA and ptDNA contigs generated from our previous work (Smith and Lee
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2009b; Appendix E). Long-range PCR was then used to fill the gaps between the
organelle-DNA contigs. PCR reactions were performed with the LongRange PCR Kit
(Qiagen) using total genomic DNA from V. carteri UTEX 2908 as the template.
Sequences were assembled using CodonCode Aligner Version 3.0.1 (CodonCode
Corporation, Dedham, MA), which employs the Phred, Cross-match, and Phrap
algorithms for base calling, sequence comparison, and sequence assembly, respectively.
Assemblies were performed with a minimum-percent-identity score of 98, a minimum-
overlap length of 500 nucleotides (nt), a match score of 1, a mismatch penalty of -2, a gap

penalty of -2, and an additional first-gap penalty of -3.

DNA Sequence Analyses

Nucleotide diversity and its standard deviation were calculated with DnaSP 4.5
(Rozas et al. 2003). Two different methods for calculating silent-site nucleotide diversity
were employed: one that excludes indels (indels out), which was used for calculating
Tsilent, and another that considers indels as polymorphic sites (indels in), which was used
for measuring fjjent+. FOr our estimates of Tjjent+, indels involving more than one
nucleotide were considered to be a single polymorphic site. To ensure that the six
nucDNA-encoded genes employed in this study are each present only once in the V.
carteri nuclear genome, we blasted (blastn 2.2.21+) the six sequences against the DOE

JGI V. carteri draft nuclear genome sequence (v.1.0. [http://genome.]jgi-

psf.org/Volcal/Volcal.home.html]). All six genes returned a single hit, which is

consistent with the hypothesis that these genes are in single copies in the V. carteri
nuclear genome. The mtDNA and ptDNA sequences obtained from each of the seven
strains were also blasted against the V. carteri draft nuclear genome sequence to confirm
that they were not generated from nuclear-genome-located organelle-DNA-like

sequences (NUMTs or NUPTSs).

The Fraction of Noncoding DNA in Completely Sequenced Organelle Genomes

Completely sequenced organelle genomes were downloaded from the NCBI

Reference Sequence (RefSeq) collection (http://www.ncbi.nlm.nih.gov/projects/RefSeq/)

on 1 June 2009. The coding- and noncoding-DNA contents of these sequences were
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calculated using the following methods and definitions: i) the number of coding
nucleotides in the genome is equal to the collective length of all annotated protein-,
rRNA-, and tRNA-coding regions, not including the portions of these regions that are
also annotated as introns; i1) the amount of noncoding DNA is the genome length minus
the number of coding nucleotides; ii1) the number of intergenic nucleotides is equal to the
genome length minus the collective length of regions annotated as genes (including their
introns and intronic ORFs); and iv) the amount of intronic DNA is equivalent to the
number of noncoding nucleotides minus the number of intergenic nucleotides. The above
methods and definitions are contingent on the authors of the GenBank records having
properly annotated their entry. If coding regions or introns have been ignored or
inaccurately annotated this will result in incorrect coding- and noncoding-DNA content
values. All records were quickly scanned for major errors, but due to the large number of
organelle genomes deposited in GenBank, it was unfeasible to thoroughly review every

record.

V. carteri Nuclear-genome Statistics

Length, noncoding-DNA-content, and average-intron-density estimates for the V.
carteri nucDNA came from the DOE JGI V. carteri genome portal information page

(accessed on 1 December 2009): http://genome.jgi-psf.org/Volcal/Volcal .home.html.

Nucleotide Sequence Accession Numbers

The mtDNA-, ptDNA- and nucDNA-sequence data that were used to measure
nucleotide diversity are deposited in GenBank under the following accession numbers:
GU169471-GU169512 (mtDNA), GU169513-GU169643 (ptDNA), and GU169644-
GU169689 (nucDNA). The GenBank accession numbers for the updated mitochondrial-
and plastid-genome sequences of V. carteri are GU048821 (mtDNA) and GU084820
(ptDNA).
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Results and Discussion
The V. carteri Organelle Genomes

Complete genetic maps of the V. carteri UTEX 2908 organelle genomes are
shown in Figures 7.2 (mtDNA) and 7.3 (ptDNA). For comparison, these figures also
contain the corresponding genetic maps from C. reinhardtii (Gray and Boer 1988;
Michaelis et al. 1990; Maul et al. 2002). Previously, we (Smith and Lee 2009b; Appendix
E) described partial, fragmented genome-assemblies of the V. carteri mtDNA (seven
fragments) and ptDNA (34 fragments). In the current work, we were able to overcome
earlier difficulties (Smith and Lee 2009b; Appendix E) and bridge the different organelle-
genome fragments (i.e., contigs) by data mining the V. carteri Trace Archive for
organelle-DNA trace files generated from large, 8-38 kb shotgun-sequencing fragments.
These trace files allowed us to position the mtDNA and ptDNA fragments in the correct
orientation and from this perform long-range PCR reactions, linking the various
organelle-DNA contigs. Although the V. carteri organelle-genome maps are complete,
there still exist several irresolvable gaps within the intergenic and intronic regions of the
mtDNA- and ptDNA-sequence data. These gaps, which are annotated using strings of n’s
on the V. carteri mtDNA and ptDNA GenBank entries, are due to complications with
sequencing and assembling the repetitive elements found throughout the V. carteri
organelle DNA — discussed in Smith and Lee (2009b; Appendix E) and Aono et al.
(2002).

The mitochondrial and plastid genome maps of V. carteri assemble as circular
molecules of ~35 and ~525 kb, respectively (Figures 7.2 and 7.3). Whether or not these
maps (which are supported by PCR analyses) reflect in vivo unit-genome-sized circular
structures needs to be confirmed by gel electrophoresis, especially for the mitochondrial
genome as all other characterized mtDNAs from Reinhardtinia-clade algae [sensu
Nakada et al. (2008)] appear to be linear genome-sized or subgenomic-sized structures
(Laflamme and Lee 2003, Fan and Lee 2002, Smith and Lee 2008a; Smith et al. 2010a
Chapters 2 and 3). Both organelle DNAs are dense with noncoding nucleotides, ~60%
(mtDNA) and ~80% (ptDNA), and are among the most bloated organelle genomes
observed from photosynthetic eukaryotes (Figure 7.1). In fact, V. carteri has the most

expanded mitochondrial genome examined from the Chlorophyta, and its ptDNA has
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more noncoding DNA, both fractionally and in sheer amount than any other plastid
genome sequenced to date — its closest rivals, in this regard, are the plastid genomes of
the chlamydomonadalean green algae Dunaliella salina (~65.5% noncoding; Smith et al.
2010b; Chapter 8) and C. reinhardtii (~57% noncoding), and the legume Trifolium
subterraneum (~58% noncoding) (Maul et al. 2002; Cai et al. 2008). That said, available
data suggest that the plastid genomes of some Acetabularia species may be upwards of 2
Mb [reviewed by Palmer (1985)], which implies that they have a noncoding DNA
composition greater than 90%. It should be noted that the V. carteri coxI has an optional
group-I intron (Figure 7.2); this intron is present in UTEX 1885 but absent from UTEX
2908 (Smith and Lee 2009b; Appendix E). Finally, the V. carteri mtDNA sequence
structure appears to be more dynamic than initially thought (Smith and Lee 2009b;
Appendix E). Long-range PCR analyses and mtDNA trace-file data, gleaned from the V.
carteri Trace Archive, revealed two mitochondrial genome isomers (A and B), which
differ from one another in gene arrangement. Isomer A, depicted in Figure 7.2, was
readily amplified by PCR and was the most abundant assembly product from the mtDNA
trace-file data. Isomer B, shown in Figure 7.4, was also attainable through PCR but was
much less abundant in the mtDNA trace-file data; we were not able to confirm circularity
or linearity of the isomer-B map. Illegitimate recombination between repetitive DNA
elements has been suggested as a mechanism for the rearrangement of green algal
mitochondrial genomes (Nedelcu 1998; Nedelcu and Lee 1998; Smith and Lee 2008a;
Chapter 2); such a mechanism might explain the origin of the different isomers of V.

carteri mtDNA.

V. carteri Strains and Their Genetic Loci

We used seven geographical isolates of V. carteri f. nagariensis to measure
nucleotide diversity (Table 7.1). Six of the seven isolates can be divided into three sets of
male/female interfertile pairs, which were respectively collected close to the Japanese
cities of Kobe, Ichinomiya, and Kawagoe; the remaining isolate is a female from Poona,
India (Table 7.1; Figure 7.5). We could find no published reports about fertility between
the different Japanese geographical isolates of V. carteri; however, there is evidence of

reduced fertility between Indian and Japanese isolates; laboratory-generated hybrid
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zygotes of the Poona female (UTEX 2903) x Kobe male (UTEX 2864), and the
reciprocal cross, had less than 10% of the post-zygotic survival as compared to zygotes
from Kobe x Kobe or Poona x Poona crosses (Adams et al. 1990). These later results
suggest that UTEX 2903 is a subspecies within the V. carteri f. nagariensis complex. As
far as we are aware, the seven strains employed here represent the only distinct
geographical isolates of V. carteri f. nagariensis that are currently maintained in public or
private culture collections. Although eight strains of V. carteri are listed in Table 7.1,
UTEX 2908 is derived from UTEX 1885 (Sessoms and Huskey 1973) and is therefore
not a distinct geographical isolate. For this reason, the DNA sequences that we generated
from UTEX 2908 were used only to verify our UTEX 1885 DNA-sequence data and
were not included in the nucleotide-diversity analyses.

The regions of the V. carteri mitochondrial, plastid, and nuclear genomes that
were sequenced and used to calculate nucleotide diversity are listed in Table 7.2 and
highlighted in pink on the mitochondrial (Figure 7.2) and plastid (Figure 7.3) genome
maps. Altogether, we sequenced 6 kb of mtDNA, 17.6 kb of ptDNA, and 8 kb of
nucDNA from each of the seven V. carteri isolates. We made an effort to use intergenic-,
intronic-, and synonymous-sites in our calculations of 7jiene. Other studies on genetic
diversity in organelle and nuclear genomes, because of limited intraspecific sequence
data, have used mostly synonymous sites for estimating msjent — because silent sites can
be under selective constraints (Hershberg and Petrov 2008), it is best to use more than
one type of silent site to approximate 2N . We also tried to measure the silent-site
nucleotide diversity of V. carteri using the same genetic loci that were employed
previously for estimating Tsjene from C. reinhardtii (Smith and Lee 2008b, 2009a;
Chapters 5 and 6), thereby allowing for a more meaningful comparison of genetic
diversity between these two species. To this end, we were able to sequence the same
nuclear-DNA loci from V. carteri that were sequenced from C. reinhardtii. However,
because of differences in gene order between the V. carteri and C. reinhardtii organelle
genomes, and because of the very large intergenic regions found in the V. carteri

organelle DNAs, we were only able to sequence some of the same organelle-DNA loci.
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Nucleotide Diversity of V. carteri

Nucleotide-diversity measurements for the three genetic compartments of V.
carteri are summarized in Tables 7.2 and 7.3. When indels are removed from the aligned
DNA sequences, net values of 7gjjen: are 0.38 x 107 (mtDNA), 0.65 x 107 (ptDNA), and
5.28x 107 (nucDNA). Thus, mgjient 0f the nuclear genome is approximately 14 and 8 times
that of the mitochondrial and plastid genomes, respectively, and the silent-site diversity
of the ptDNA is 1.7 times that of the mtDNA. When our methods for calculating mgjjenc are
modified to incorporate indels (Tsiient+), by counting each insertion and deletion in the
alignment as a nucleotide change (with indels longer than one nucleotide considered as a
single polymorphic site), the overall silent-site nucleotide diversity of the mitochondrial
compartment remains unchanged (0.38 x 10™) and that of nuclear compartment is only
slightly higher (5.83 x 10~ vs. 5.28 x 10™); this is because the mtDNA dataset contains
no indels and the nucDNA-sequence data have only 12 indels. For the ptDNA-sequence
data, Tjjene+ Was almost twice that of mgjjen: (1.23 X 107 vs. 0.65 x 10"3), reflecting the large
number of indels in the sequenced ptDNA regions (Tables 7.2 and 7.3).

Within each genetic compartment, 7gjient Was relatively constant among the
various loci and silent sites that were examined (Table 7.2). Alignments of the sequenced
mtDNA loci revealed only four polymorphic positions, all of which are silent: two and
one polymorphic synonymous site in cox/ and nad6, respectively, and one polymorphic
site in the group-I intron of cob. For the ptDNA, polymorphisms are observed in four of
the nine intergenic regions and in the group-I intron of azpA4 (Table 7.2). No polymorphic
sites were found in the protein-coding ptDNA. And for the nuclear-DNA data,
polymorphic sites are distributed almost equally both among the various loci and between
synonymous sites and intronic regions. We examined the organelle- and nuclear-DNA
loci for traces of selection using Tajima's D test (Tajima 1989), which compares the
average number of nucleotide differences between pairs of sequences (i.e., ) to the total
number of segregating sites (S). Tajima's D was not statistically significant when
considering the individual loci (Table 7.2) but was significant for the concatenated intron
sequences of the nuclear genes PETC, SFA, and YPT4 (D values of -1.69, -1.71, and -1.7,
respectively), which could be a sign of purifying selection. That said, our sample size is

most likely too small to critically test for neutrality.
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When the Poona strain of V. carteri (UTEX 2903) is removed from our
nucleotide-diversity analyses there is a substantial decrease in Tgjjent and Tgjjent+ for both
the organelle- and nuclear-DNA datasets: for the mtDNA, Tgjjent and Tgjjent+ drop to 0.27 x
107 ; the silent-site nucleotide diversity of ptDNA becomes 0.12 x 107 (Tsitent+ = 0.29 x
107 ); and for the nucDNA, 7gjjent and 7sjjene+ drop to 0.10 x 10, This reduction in
nucleotide diversity upon the removal of UTEX 2903 is not surprising because gene flow
could have been restricted between this strain and that of the other isolates for the
following reasons. UTEX 2903 was collected in India, at a location, which is more than
6,000 km away from the collection sites of the other six isolates, all of which are located
in Japan within ~400 km of each other (Figure 7.5). More importantly, the reduced
fertility between Poona and Kobe isolates (Adams et al. 1990) suggests that there is
limited opportunity for gene flow between Indian and Japanese strains. Keep in mind,
therefore, that in the following section when we compare the g data for V. carteri to
those from other eukaryotes, the V. carteri nucleotide-diversity estimates include UTEX
2903 and, thus, may be somewhat inflated as compared to a situation where Japanese and

Indian strains were treated as being from separate populations.

ILien: of V. carteri Versus that of C. reinhardtii and Other Eukaryotic Species

How do the estimated levels of silent-site nucleotide diversity for V. carteri
compare with those from other photosynthetic eukaryotes? The only photosynthetic
eukaryotes for which we were able to find published 7giene data from all three genetic
compartments are C. reinhardtii and Arabidopsis [yrata (Wright et al. 2008; Smith and
Lee 2008b, 2009a; Chapters 5 and 6). The silent-site nucleotide diversities of the V.
carteri mitochondrial and plastid genomes are both 0.044 times the corresponding values
from C. reinhardtii, and the silent-site nucDNA diversity of V. carteri is approximately
0.16 times that of C. reinhardtii — similar proportional relationships are obtained when
indels are included in the nucleotide-diversity calculations (Table 7.3). Therefore, based
on our analyses, the overall mgjene €stimates for the mitochondrial, plastid, and nuclear
genomes of Volvox carteri are much smaller than those of C. reinhardtii. Interestingly,
Tsilent TOT V. carteri, follows the same general trends that were observed for C. reinhardtii:

Tsilent(mtDNA) < Tsilent(ptDNA) < Tsilent(nucDNA). MOTr€over, for both V. carteri and C. reinhardtii,
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Tsilent Of MtDNA 1is half that of the ptDNA. Although for V. carteri, ngjen: of the nucDNA
is approximately eight times greater than that of the ptDNA, whereas for C. reinhardtii,
Tsilent Of the nucDNA is only about twice that of the ptDNA.

Surprisingly, the mgjent €stimates of V. carteri are more similar to those of the land
plant 4. [yrata than they are to those of its close relative C. reinhardtii. For example, V.
carteri and A. lyrata have comparable levels of silent-site mtDNA (0.38 x 10 vs. 0.35 x
107) and ptDNA (0.65 x 10°-1.23 x 107 vs. 1.0 x 107) diversities. And the silent-site
nucDNA diversity of V. carteri is about 0.3 times that of 4. lyrata (5.28 x 107°-5.83 x 10
vs. 20 x 107) (Wright et al. 2008); however, most of this difference can be explained by
the nuclear genome of 4. lyrata being diploid and that of V. carteri being haploid (N, of
diploid loci is thought to be about twice that of haploid loci). Furthermore, as observed
for V. carteri and C. reinhardtii, the silent-site nucleotide diversity of 4. lyrata follows
the trend: Mgilen(miDNA) < Tsilent(ptDNA) < TsilentnucDNA)- INOte that no indels were observed in
the A. lyrata organelle- and nuclear-DNA sequences (Wright et al. 2008).

Silent-site nucleotide-diversity values for only the mtDNA, ptDNA, or nucDNA
of eukaryotic taxa, unaccompanied by data from the neighboring genetic compartments,
are more readily available. Many of these mgjen: €stimates are listed in the supplementary
materials of Lynch and Conery (2003) and Lynch et al. (2006) who compiled a summary
of average mjient Values for some major eukaryotic groups and found the following. For
the mitochondrial and nuclear genomes of protists, mean values of Tjien were 17.5 x 107
and 57.3 x 10, respectively. And for land plants, average nucleotide diversity estimates
were 0.4 x 10 (mtDNA), 3.7 x 10~ (ptDNA), and 15.2 x 10~ (nucDNA), which are
more or less in accordance with the findings of Wright et al. (2008) for 4. lyrata, and in a
general sense reflect the mgene values (and their overall trends) that we observe for V.
carteri. More recently published mjen: data from the ptDNA and nucDNA of land plants
(Chen et al. 2008; Breen et al. 2009; Quang et al. 2009) are concordant with earlier
approximations. Although reliable silent-site nucleotide diversity data are lacking for
land plant mtDNA, it appears to be <0.4 x 10~ (Lynch et al. 2006), which is in stark
contrast to the Tjenmna) estimates from animals, which are upwards of 35 x 107, That
said, both animals and land plants appear to have similar mean Tsiieni(nucpna) €Stimates

(13.4x 107 vs. 15.2 x 107) (Lynch and Conery 2003; Lynch 2006). If we take the above
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comparisons as a whole, the following conclusions can be made regarding the silent-site
nucleotide-diversity measurements for the organelle and nuclear DNAs of V. carteri: 1)
they are generally lower than the corresponding mgjient Values from other eukaryotes; i1)
they are more similar to those of land plants than they are to those of C. reinhardtii and
other protists; and iii) they follow the same trend that has been observed for other

phOtOSYl’lthetiC eukaryoteSI Tsilent(mtDNA) < Tlsilent(ptDNA) < Tisilent(nucDNA)-

Interpreting I, for V. carteri

Do the relative mgjent values that we observed across the genetic compartments of
V. carteri make sense from a population-genetic standpoint? When a population is at
mutation-drift equilibrium, the nucleotide diversity at silent sites should reflect 2N p. In
order to interpret our 7en: €stimates for V. carteri we must therefore consider, for each
genetic compartment, the mutation rate and the effective number of genes per locus in the
population. Recall that the relative differences of mgjiene for the mitochondrial, plastid, and
nuclear compartments of V. carteri are about 1:2:14 when indels are ignored, and
approximately 1:3:15 when indels are factored in. We can account for at least half of the
difference between Tiient(organclie DNA) ANd TilentnucpNA) 1f the mitochondrial and plastid
genomes of V. carteri are transmitted maternally as indicated by laboratory experiments
(Adams et al. 1990), whereas the nuclear genome shows biparental inheritance (Starr
1969). Thus, we would expect N, of the uniparentally inherited organelle DNAs to be
about half that of the nucDNA. Even if we artificially reduce @siieninucona) for V. carteri
by one half to account for this difference in N, , we are still left with relative silent-site
mtDNA, ptDNA, and nucDNA diversities of about 1:2:7 (indels out) and 1:3:8 (indels
in). This remaining variation in 7jens among the three genetic compartments of V. carteri
could be due to a further reduction in N, as a result of natural selection on linked
variation in the organelle genomes, which, because of uniparental inheritance, have less
opportunity for recombination during sexual reproduction as compared to the nucDNA
(Birky et al., 1989). However, the only study to seriously investigate this issue in a
photosynthetic eukaryote, namely 4. lyrata, concluded that N, of the organelle DNA and
nucDNA did not depart significantly from neutral expectations (Wright et al. 2008).

Differences in the mutation rates among the three genetic compartments could also
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contribute to the range of mgent values that are observed for V. carteri. Unfortunately,
there are no available data for this taxon that bear on this possibility. In Chlamydomonas,
however, which also shows lower mgjient Values in the organelle DNAs, silent-site
substitution-rate analyses for mtDNA and nucDNA suggest equal rates in these two
genetic compartments (Popescu et al. 2006; Popescu and Lee 2007). Alternatively, a
recent broad study of synonymous-substitution rates in the mitochondrial, plastid, and
nuclear genes of seed plants suggest that the average relative mutation rates of these
compartments is 1:3:10 (Drouin et al. 2008), which is almost exactly what we would
predict for V. carteri if trying to account for the relative values of mgjent (after adjusting
for differences in Ny).

Finally, why are the mgjen: values for V. carteri significantly lower than those of C.
reinhardtii (and other protists)? One possibility is that we have underestimated Tgjjent Of
the V. carteri f. nagariensis population, potentially because most of the strains that we
employed were isolated in Japan within 400 km of each other and the true range of this
population is much larger. Indeed, the one strain included in this study that came from
outside Japan, the Indian one, showed greater genetic distance to the Japanese isolates
than the Japanese isolates did to each other; but this Indian isolate, as mentioned
previously, is also known to have reduced sexual compatibility with at least some of the
Japanese strains and may not be a legitimate member of the Japanese population.
Moreover, in the case of C. reinhardtii, which has a population of interfertile members
that extend across eastern North America (Harris 2009, pg. 16), we found no simple and
obvious relationship between genetic distance and the proximity of sites where isolates
were recovered (Smith DR and Lee RW, unpublished data), and the same seems to be
true for the volvocacean Pandorina morum (Kirk 1998). A second possibility is that V.
carteri has a lower rate of mutation per generation in all three genetic compartments
relative to C. reinhardtii. A third explanation is that the effective size of the V. carteri f.
nagariensis population is considerably smaller than that of its unicellular cousin C.
reinhardtii because of a smaller geographical range and/or a lower population density;
the latter would be expected because V. carteri individuals are more than a thousand
times larger than those of C. reinhardtii and both algae can be found in similar habitats

(Kirk 1998).
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V. carteri Genome Architecture and the Mutational-hazard Hypothesis

As predicted by the mutational-hazard hypothesis, the V. carteri mitochondrial,
plastid, and nuclear genomes have less silent-site nucleotide diversity than their more
compact counterparts from C. reinhardtii and other eukaryotes, and similar levels of
diversity as those from eukaryotic species with comparable genome architectures, such as
land plants (with some exceptions). In other words, our approximations of 2N, for the V.
carteri organelle and nuclear genomes reflect their noncoding-DNA contents, in that
2N, positively correlates with genome compactness. For instance, the noncoding-DNA
densities of the V. carteri mitochondrial, plastid, and nuclear genomes are approximately
60-65%, 80% and 85%, respectively, and the corresponding values for C. reinhardtii are
about 20-30%, 57%, and 80%. Given these noncoding-DNA contents, the mutational-
hazard hypothesis would predict the difference in mgjen between these two algae to be
greatest for their organelle genomes. This is indeed the case, the relatively compact
mitochondrial and plastid genomes of C. reinhardtii each have 22 times more silent-site
nucleotide diversity than their more expanded V. carteri homologs, whereas the C.
reinhardtii nuclear genome, which is only slightly more compact than that of V. carteri,
has only around six times more silent-site nucleotide diversity than the V. carteri
nucDNA. Similarly, the highly compact mtDNAs of animals (~10% noncoding) have, on
average, 30-90 times more silent-site nucleotide diversity than the organelle DNAs of V.
carteri (Lynch et al. 2006). Yet mgjiene for the bloated nuclear genomes of animals is only
around 2-3 times that of the V. carteri nucDNA (Lynch et al. 2006).

Now let us consider the genome architectures and nucleotide diversities of V.
carteri in relation to those of land plants. Based on data from completely sequenced land
plant genomes, average noncoding-DNA contents are around 84% (mtDNA), 42%
(ptDNA), and >80% (nucDNA). Thus, V. carteri and land plants have similar mtDNA
and nucDNA genome architectures, but the V. carteri plastid genome is more expanded
than land plant ptDNA (~80% vs. ~42% noncoding). Now recall that mgjene measurements
for land plants are in the range of 0.4 x 10~ (mtDNA), 1-10 x 10~ (ptDNA), and 0-20 x
10 (nucDNA), with means of 3.7 x 10~ and 15.2 x 10~ for the ptDNA and nucDNA,
respectively (Lynch et al. 2006). As forecasted by the mutational-hazard hypothesis,
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TsilenymtDNA) fOr V. carteri and land plants are essentially the same (~0.4 x 107,
Tsilent(ptDNA) fOr V. carteri is around 0.02-0.35 times the mean value for land plants, and
Tsilent(nueDNA) fOr V. carteri falls within the range of that for land plants (but is below the
mean). For both V. carteri and land plants, mgjien(mipna) and Tienipiona) are between 0.02-
0.5 times smaller than Tsiieninucpna), despite the fact that the organelle DNAs of V. carteri
and land plants are equally or more compact than their nuclear counterparts. This
suggests that noncoding organelle DNA carries a greater burden than noncoding nuclear
DNA, meaning that the 2N u threshold above which noncoding nucleotides can be
perceived and eliminated by natural selection may be lower for organelle genomes than
for nuclear genomes. This makes sense if we consider that organelle genomes are
typically several orders of magnitude smaller than nuclear genomes. So even though
organelle and nuclear genomes can have comparable fractional noncoding-DNA
compositions, the sheer volume of noncoding DNA in nuclear genomes will, generally
speaking, always be much greater (10-10° times) than that of organelle genomes. This
implies that the number of noncoding nucleotides that are crucial to gene function
relative to the number that are inert will be higher for organelle DNA than for nucDNA.
This is pertinent to our study if we remember that the central premise of the mutation-
hazard hypothesis is that noncoding DNA increases the susceptibility of a genome to
degenerative changes, and that the mutational disadvantage of noncoding DNA is
determined by the number of noncoding nucleotides that are associated with gene
function (n), and the mutation rate (u), where the overall mutational disadvantage (s) of
an intron or intergenic region is nu (Lynch 2002; Lynch et al. 2006). It is predicted that
the threshold in a genome below which stretches of noncoding DNA can expand is 2N,s
<1, or alternatively 2N, u < 1/n (Lynch 2002; Lynch et al. 2006). Although difficult to
estimate, it has been argued that » for the intergenic and intronic regions of organelle
DNA is larger than that of nuclear DNA (Lynch 2007; Smith and Lee 2008b, 2009a;
Chapters 5 and 6). Based on this and earlier studies it appears that the threshold for
noncoding-DNA proliferation may lie somewhere near 2N, < 0.002 for organelle DNA
and 2N, < 0.05 for nucDNA. If the above suppositions are true, it would mean that
when addressing the mutational burden of noncoding DNA, it is best to compare like

with like: organelle DNA vs. organelle DNA and nucDNA vs. nucDNA, etc. Again, it is
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important to re-emphasize that for all of the above mgjen/genome-compactness
comparisons, the silent-site nucleotide diversity values for V. carteri include the Poona
strain (UTEX 2903). As previously mentioned, if we remove UTEX 2903 from our Tgjjent
calculations it would only make stronger the positive correlations between mgjjens and
genome compactness that we observe.

To summarize, it appears that the large quantities of noncoding DNA in the V.
carteri organelle and nuclear genomes can be explained by a reduced ability to eradicate
excess DNA, caused by a low 2N,p. If in fact a reduced 2N, is responsible for the
expanded architecture of the V. carteri organelle and nuclear genomes, could it mean that
in an indirect way the evolution of multicellularity in the lineage that gave rise to V.
carteri was a major contributor to genome expansion? As we have already discussed, the
evolution of multicellularity could cause a reduction in Ng. Lynch (2006) proposes that
“A central challenge for evolutionary genomics is to determine the extent to which the
expansion of eukaryotic gene and genomic complexity was a necessary prerequisite or an
indirect consequence of the evolution of complex morphologies.” It will be interesting to
investigate other volvocine algae with ranging levels of complexity to see if there is a
continuum from relatively compact genomes in unicellular species, moderately expanded
genomes in the smaller multicelluar forms, to highly bloated genomes in macroscopic
multicellular species.

Soon the DOE JGI will be releasing the nuclear-genome sequence from a male
isolate of V. carteri f. nagariensis (presumably UTEX 2864) to complement the nucDNA
sequence of the female isolate UTEX 1885 (the plans to sequence this genome are listed
under the DOE JGI Community Sequencing Program FY2009). The data generated by
this endeavor will allow for a complete view of & for the V. carteri organelle and nuclear
genomes. It will be interesting to see if the data presented here will be consistent with

whole-genome analyses.
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Table 7.1. V. carteri f. nagariensis Strains Employed in Study

Strain Mating Geographical Origin of
Type Isolation®

UTEX 2908* female Kobe, Hyogo, Japan

UTEX 1885  female Kobe, Hyogo, Japan

UTEX 2864 male Kobe, Hyogo, Japan

UTEX 2903 female Poona, India

NIES 397 female Ichinomiya, Aichi, Japan

NIES 398 male Ichinomiya, Aichi, Japan

Isanuma F®  female Kawagoe, Saitama, Japan

Isanuma M°  male Kawagoe, Saitama, Japan

*72-52 dissociator mutant, derived from UTEX 1885; this strain was used only to verify
our sequences from UTEX 1885 — i.e., it was not included in our nucleotide-diversity
analyses.

® These strains were kindly provided to us by Stephen Miller of the University Maryland,
Baltimore County. They were originally collected from Isanuma Pond in the summer of
2005 by Atsushi Nakazawa of Ichiro Nishii’s laboratory during an excursion with a group
from Hisayoshi Nozaki’s laboratory.

¢ See Figure 4 for geographical maps of Japan and India highlighting the origins of
isolation for the different V. carteri strains.
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Table 7.2. Nucleotide-diversity Estimates by Region for the V. carteri Mitochondrial, Plastid, and Nuclear Genomes

#of S # of n°x 10° Teyn X Tlagyn X Tajima’s D

Loci sites® indels® (SD x 10%) 10° 10° test
(length nt) (P value)
Mitochondrial DNA
cox1 915 2 0 2.19 (1.09) 9.13 0 -1.23 (>0.1)
cob 225 0 0 0 0 0
cob (group-I intron) 1,138 1 0 0.42 (0.15) --- --- 0.55 (>0.1)
nad2/nad6é 430 0 0 0
nad6 39 1 0 3.6 (1.4) 10.9 0
nad6/nad5 21 0 0 0 --- - ---
nad5 1,341 0 0 0 0 0
L7 412 0 0 0
L7/S2 113 0 0 0 --- - —
S2 220 O 0 0
S2/nad1 15 0 0 0 --- - —
nad1 882 0 0 0 0 0
nad1/L3 145 0 0 0 --- - —
L3 133 0 0 0
RNA-coding 765 0 0 0 --- - —
Protein-coding 3,420 3 0 0.14 (0.08) 0.48 0
Silent sites 2,984 4 0 0.38 (0.17) --- -- -
Plastid DNA

atpA 42 0 0 0 0 0
atpA (group-I intron) 1,816 8 5 (55) 1.41 (0.65) --- --- -1.26 (> 0.1)
atpE 138 0 0 0 0 ——
atpElycf12 776 0 0 --- - -
clpP 1,140 0 0 0 0 0
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#of S # of n°x10° MeynX  Tagyn X Tajima’s D

Loci sites® indels® (SD x 10%) 107 107 test
(length nt) (P value)

petA 657 0 0 0 0 0 -
psaB 1,374 0 0 0 ---
psaC 81 0 0 0 ---
psaC/trnF 776 9 1(1) 3.32 (2.28) --- -1.59 (> 0.05)
trnF 54 0 0 0 --- ---
psbC 1,230 0 0 0 0 0 ---
psbF 54 0 0 0 0 0 ---
psbFipsbL 1,161 6 1(16) 1.05 (0.31) -1.40 (> 0.1)
psbL 63 0 0 0 0 0 ---
rpl16 168 0 0 0 0 0 ---
rpl16/rpl14 1,138 0 0 0 --- - -
pl14 51 0 0 0 0 0 ---
pl23 33 0 0 0 0 0 ---
pl23/rpl2 1,055 0 2 (364) 0 --- --- ---
pl2 102 0 0 0 0 0 ---
tufA/trnV 1,204 1 2 (145) 4.1 (1.5) 0.55 (>0.1)
trnR/petD 964 6 3(11) 1.80 (1.24) --- --- -1.52 (> 0.05)
petD 75 0 0 0 0 0 -
psbK 18 0 0 0 0 0 ---
psbKitrnE 838 0 1(3) 0 --- --- ---
psi14 132 0 0 0 0 0 -
rps14/psbM 1,239 0 1(1) 0 --- --- ---
rbecL 1,185 0 0 0 0 0 ---
Protein-coding 6,543 0 0 0 0 0 ---
Silent sites 13,238 30 16 (596) 0.65 (0.32) --- --- ---
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#of S # of n°x10° Teyn X Tlagyn X Tajima’s D

Loci sites® indels® (SD x 10%) 107 107 test
(length nt) (P value)
Nuclear DNA
ACTIN e8-e10 411 0 2.09 (1.43) 8.90 0 -1.32 (> 0.1)
ACTIN i8-i9 419 8 0 5.91 (3.22) 1.26 (>0.1)
PETC e2-e4 276 0 0 0 0 0 -
PETCi1-i4 901 22 4(13) 7.08 (4.86) -1.69 (< 0.05)
SFA e5-e9 450 3 0 190 (1.31)  7.87 0 -1.35 (> 0.1)
SFAi5-i9 2363 30 0 3.63 (2.49) 1.71 (< 0.05)
YPT4 e5-e7 273 1 0 1.05(0.72) 472 0 -1.00 (> 0.1)
YPT4i4-i7 993 26 2 (6) 7.53 (5.17) -1.70 (< 0.05)
PDK e3 51 0 0 0 0 0 -
PDK i3 359 5 5 (18) 4.19 (2.88) -1.48 (> 0.1)
MAT3 e4-e8 953 1 0 0.52 (0.28) 0 0.69 -0.61 (>0.1)
MAT3 i4-i7 679 5 1) 3.69 (1.96) -0.79 (> 0.1)
Protein-coding 2,415 8 0 1.37 (0.94) 5.82 0 ---
Silent sites 6,519 96  12(39)  5.28 (3.24)

Note: S, number of segregating sites (i.e., polymorphic sites); Indels, insertion-deletion events; , nucleotide diversity; sy, nucleotide
diversity at synonymous sites; T,syn, Nucleotide diversity at nonsynonymous sites; SD, standard deviation. Intergenic regions are
labeled using their bordering genes and a dash. For the nuclear loci, exons and introns are respectively labeled with an “e” and “1”
followed by a number denoting their position within the gene.

* Comprises all sites in the nucleotide alignment, including those with indels.

® Indels involving more than one nucleotide are counted as a single event. Indel length includes the sum of all indels and includes
consecutive indel events.

¢ Only includes sites without indels.
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Table 7.3. Silent-site Nucleotide Diversity for V. carteri Compared with that of C.
reinhardtii

Mitochondrial DNA Plastid DNA Nuclear DNA

Ve Cr Ve Cr Ve Cr
# of sites® 2,984 5,550 13,238 16,710 6,519 5,051
S 4 104 30 321 96 377

# of Indels” 0 11 16 86 12 48
(length nt) (31) (596) (1,679) (39) (222)
Teilent® X 107 0.38 8.51 0.65 14.53 5.28 32.29
(SDx10%) (0.17) (1.03) (0.32) (1.18) (3.24) (3.01)
Taitents” X 107 0.38 9.23 1.23 18.36 5.83 36.00
(SDx10%) (0.17) (1.96) (0.75) (1.40) (3.56) (3.51)

Note: Ve, Volvox carteri; Cr, Chlamydomonas reinhardtii; S, number of segregating sites
(i.e., polymorphic sites); Indels, insertion-deletion events; mient, nucleotide diversity at
silent sites; mgjent+, NUCleotide diversity at silent sites including both polymorphic sites
and insertion-deletion events; SD, standard deviation. The C. reinhardtii data come from
Smith and Lee (2008b, 2009a; Chapters 5 and 6).

* Comprises all sites in the nucleotide alignment, including those with indels.

® Indels involving more than one nucleotide are counted as a single event. Indel length
includes the sum of all indels and includes consecutive indel events.

¢ Only includes sites in the alignment without indels.

4 Considers all sites, including those with indels. Consecutive indels are counted as a
single polymorphic event. Indel states were measured using a multiallelic approach.
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Figure 7.1. Scaling of Noncoding-DNA Content with Genome Size in Completely Sequenced Organelle DNAs

Chlamydomonadalean algae are labeled as follows: Ce = Chlamydomonas eugametos; Ch = Chlorogonium elongatum; Ci =
Chlamydomonas incerta; Cr = Chlamydomonas reinhardtii; Ds = Dunaliella salina; Ps = Polytomella capuana, Polytomella parva,

and Polytomella piriformis (strain SAG 63-10); Ts = Trifolium subterraneum; V¢ = Volvox carteri.
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B = protein coding [l = rRNA coding

Il = tRNA coding
[ B group-Ilintron B = intronic ORF

Figure 7.2. Complete Mitochondrial Genome Maps for V. carteri (Outer) and C.
reinhardtii (Inner)

S1-S4 and L1-L8 represent the small-subunit and large-subunit rRNA—coding modules,
respectively. Portions of the V. carteri mitochondrial genome map that are shaded gray
represent regions of gene colinearity (not including introns) with the C. reinhardtii
mtDNA, and portions that are pink correspond to the regions that were used for
measuring nucleotide diversity. The V. carteri coxI group-I intron with an asterisk is
optional. The GenBank accession number for the V. carteri (UTEX 2908) mitochondrial
genome is GU048821 and those for the C. reinhardtii mtDNA are EU306617-EU306623.
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Figure 7.3. Complete Plastid Genome Maps for V. carteri (Outer) and C. reinhardtii
(Inner)

Portions of the V. carteri plastid genome map that are shaded gray represent regions of
gene colinearity (not including introns) with the C. reinhardtii plastid genome, and
portions that are pink correspond to the regions that were used for measuring nucleotide
diversity. GenBank accession numbers for the V. carteri and C. reinhardtii plastid
genomes are GU084820 and FJ423446, respectively. For both genomes, the psa4 gene is
fragmented — the translational order of these fragments is signified with superscript

numbers.
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Figure 7.4. Mitochondrial Genome Map for V. carteri (Isomer B)

Protein-coding regions are green and their exons are labelled with an "E" followed by a number denoting their position within the
gene. Introns and their associated open reading frames are blue and orange, respectively. Transfer RNA-coding regions are pink; they
are designated by the single-letter abbreviation of the amino acid they specify. The large- and small-subunit rRNA-coding modules are

red.
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Figure 7.5. Geographical Maps of Japan and India Highlighting the Origins of
Isolation of the V. carteri Strains Used in this Study

The distances in kilometers between origins of isolation are shown on the map. Refer to

Table 7.1 for a list of the V. carteri strains.
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CHAPTER 8: THE DUNALIELLA SALINA ORGANELLE GENOMES: LARGE
SEQUENCES, INFLATED WITH INTRONIC AND INTERGENIC DNA

Published as:
Smith DR, Lee RW, Cushman JC, Magnuson JK, Tran D, Polle JEW (2010) The
Dunaliella salina organelle genomes: large sequences, inflated with intronic and

intergenic DNA. BMC Plant Biol 10:83.
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Abstract

Background: Dunaliella salina Teodoresco, a unicellular, halophilic green alga
belonging to the Chlorophyceae, is among the most industrially important microalgae.
This is because D. salina can produce massive amounts of -carotene, which can be
collected for commercial purposes, and because of its potential as a feedstock for biofuels
production. Although the biochemistry and physiology of D. salina have been studied in
great detail, virtually nothing is known about the genomes it carries, especially those
within its mitochondrion and plastid. This study presents the complete mitochondrial and
plastid genome sequences of D. salina and compares them with those of the model green
algae Chlamydomonas reinhardtii and Volvox carteri. Results: The D. salina organelle
genomes are large, circular-mapping molecules with ~60% noncoding DNA, placing
them among the most inflated organelle DNAs sampled from the Chlorophyta. In fact,
the D. salina plastid genome, at 269 kb, is the largest complete plastid DNA (ptDNA)
sequence currently deposited in GenBank, and both the mitochondrial and plastid
genomes have unprecedentedly high intron densities for organelle DNA: ~1.5 and ~0.4
introns per gene, respectively. Moreover, what appear to be the relics of genes, introns,
and intronic open reading frames are found scattered throughout the intergenic ptDNA
regions — a trait without parallel in other characterized organelle genomes and one that
gives insight into the mechanisms and modes of expansion of the D. salina ptDNA.
Conclusions: These findings confirm the notion that chlamydomonadalean algae have
some of the most extreme organelle genomes of all eukaryotes. They also suggest that the
events giving rise to the expanded ptDNA architecture of D. salina and other
Chlamydomonadales may have occurred early in the evolution of this lineage. Although
interesting from a genome evolution standpoint, the D. salina organelle DNA sequences
will aid in the development of a viable plastid transformation system for this model alga,
and they will complement the forthcoming D. salina nuclear genome sequence, placing
D. salina in a group of a select few photosynthetic eukaryotes for which complete

genome sequences from all three genetic compartments are available.
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Introduction

Dunaliella salina Teodoresco (1905) is one of the best-studied unicellular green
algae (Oren 1005; Polle et al. 2009; Tafresh 2009). This is not only because D. salina is
halotolerant, thriving in extreme saline environments (Polle et al. 2009), but also because
it can produce large quantities of S-carotene (up to 10% of the cell’s dry weight) in lipid
globules located within the chloroplast (Ben-Amotz 1982; Katz et al. 1995). These traits
make D. salina a model organism for investigating the evolution of salt adaptation (Oren
2005) and an attractive “cell factory” for the commercial production of S-carotene
(Moulton et al. 1987; Ben-Amotz 2003). Although a great deal is known about the
physiology and biochemistry of D. salina (Ben-Amotz et al. 2009; Avron and Ben-Amotz
1992), very little is known about the genomes it carries, especially those within its
organelles. Until now, nothing was known about the size, conformation, or gene
complement of either the mitochondrial or plastid genomes of D. salina (or those of any
other Dunaliella species) even though the sequences of these genomes are essential to the
development of new D. salina technologies, such as a viable plastid transformation
system (Bock and Khan 2004; Walker et al. 2005; Fletcher et al. 2007; Verma and
Daniell 2007; Purton 2007; Rosenberg et al. 2008).

Research on green-algal organelle genomes has led to significant advancements in
genetic engineering. The first stable transformation of a plastid genome was achieved in
1988 using the unicellular green alga Chlamydomonas reinhardtii (Boynton et al. 1988)
and, soon after, the first example of recombinant protein expression in a plastid was also
achieved using C. reinhardtii (Goldschmidt-Clermont 1991). Since then, many
techniques for plastid engineering have been first developed for green algae and then
adapted for use in land plants (Maliga 2004). Given the relatively close evolutionary
proximity of C. reinhardtii and D. salina (Nakada et al. 2008), it is reasonable to assume
that many of the technologies for C. reinhardtii plastid transformation might be
transferable to D. salina. Various groups have attempted to transform D. salina (Polle
and Qin 2009); however, a lack of plastid-genome sequence data has prevented
successful plastid transformation. Therefore, the first step in developing an efficient and

reliable plastid transformation system for D. salina is to sequence its organelle genomes.
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D. salina is an attractive alga for organelle genome research and plastome
engineering for a variety of reasons: 1) various strains and geographical isolates of D.
salina are readily available from algal culture collections around the world; i1) D. salina
is relatively easy to grow and maintain — it is one of the few microalgae that are being
cultivated currently on a large scale; iii) D. salina lacks a rigid cell wall, facilitating
organelle DNA extraction; iv) D. salina is unicellular, with only a single plastid, making
it easier, as compared with multicellular species, to develop homoplasmic lines of plastid
transformants; and v) being a close relative of the model green algae C. reinhardtii and
Volvox carteri, means D. salina is an ideal species for comparative plant studies,
especially comparative genomics, because the United States Department of Energy Joint
Genome Institute (DOE JGI) is sequencing, or has sequenced, the C. reinhardtii, V.
carteri, and D. salina nuclear genomes.

In 2006, the DOE JGI began sequencing the D. salina strain CCAP (Culture
Collection of Algae and Protozoa) 19/18 nuclear genome, which is approximately 300
megabases (Mb) in length (DOE JGI, personal communication). D. salina was selected
for genome sequencing because of its potential as a feedstock producer for biofuels
production (Gouveia and Oliveira 2009) and its model status for studying saline
adaptation. All of the D. salina whole genome shotgun sequencing (WGS) trace files that
the DOE JGI produced are publicly available at the GenBank Trace Archive
(http://www.ncbi.nlm.nih.gov/Traces/home/); soon a complete assembly of the D. salina

nuclear DNA (nucDNA) will be made public. The fact that D. salina is the third

chlamydomonadalean alga for which there is a genome sequencing project, reaffirms that
the Chlamydomonadales are emerging as the one of foremost lineages for comparative
genomics.

The taxonomic position of the Dunaliella genus is still under debate (Gonzélez et
al. 2009); however, it is often placed within the Chlamydomonadales (Chlorophyceae,
Chlorophyta). For the purpose of this study, our definition of the Chlamydomonadales
follows that of Lewis and McCourt (2004), which includes the Dunaliella genus, and is
equivalent to both the basal-bodies-clockwise group (CW group) (Lewis and McCourt
2004) and the Volvocales sensu Nakada et al. (2008). Notably, some strains of D. salina

were incorrectly identified in the past, which resulted in the deposition of inaccurately
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labeled DNA sequence data in public databases. Moreover, there exists a debate
regarding the delineation of the species D. salina Teod. and Dunaliella bardawil Avron
et Ben-Amotz (Polle et al. 2009; Gonzalez et al. 2009). According to Borowitzka and
Borowitzka (1988) and Borowitzka and Siva (2007), the species D. bardawil is a nomen
nudum; however, the name D. bardawil is still in use. Given the above issues, one should
exercise great caution when using DNA sequence data in public databases that are said to
have originated from D. salina.

As of November 1, 2009, complete and almost complete organelle DNA
sequences are available for eight chlamydomonadalean algae, amounting to two plastid
and eight mitochondrial genome sequences; moreover, comprehensive genetic maps and
limited sequence data are available for the plastid genomes of an additional four taxa.
The general features of these organelle genomes, as well as the species (and references)
from which they come, are summarized in Table 8.1. Many of the available
chlamydomonadalean organelle genome sequences are atypical in one way or another,
having extreme sizes (e.g., large and expanded or highly compact [Michaelis et al. 1990;
Smith and Lee 2009b; Appendix E]), unusual conformations (e.g., linear or linear
fragmented [Vahrenholz et al. 1993; Fan and Lee 2002; Smith and Lee 2008a; Chapter
2]), and/or severely biased nucleotide composition (e.g., GC- or AT-rich [Borza et al.
2009). Furthermore, there can be extensive size, conformational and/or compositional
differences among the organelle genomes of closely related chlamydomonadalean species
(Boudreau and Turmel 1996; Mallet and Lee 2006; Borza et al. 2009; Smith et al. 2010a;
Chapter 3). This wide assortment of genome architectures makes the
Chlamydomonadales an ideal lineage for studying genome evolution (Nedelcu 1998;
Popescu and Lee 2007; Smith and Lee 2010; Chapter 7).

Most of our knowledge of chlamydomonadalean organelle genomes comes from
species within the Reinhardtinia clade (defined by Nakada et al. [2008]). Indeed, six of
the eight chlamydomonadalean algae for which significant organelle DNA sequence data
are available come from this clade (Table 8.1), including C. reinhardtii and V. carteri.
Given that the Reinhardtinia clade contains only a small fraction of the species diversity
within the Chlamydomonadales, it would be intriguing to explore the organelle genomes

of algae from other chlamydomonadalean clades. It would be particularly interesting to
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see if chlamydomonadalean algae from outside the Reinhardtinia clade have large,
bloated plastid genomes. Both the C. reinhardtii and V. carteri plastid genomes, the only
complete (or nearly complete) plastid DNA sequences that are available from the
Chlamydomonadales, are among the largest and most noncoding-DNA dense plastid
genomes observed to date, with sizes of 204 and ~525 kilobases (kb), respectively (Maul
et al. 2002; Smith and Lee 2010; Chapter 7). The forces driving these genomes towards
distention are unknown, but they may be connected to the combined effects of a low
mutation rate and a low effective population size (Smith and Lee 2010; Chapter 7).

Here we present the complete mitochondrial DNA (mtDNA) and plastid DNA
(ptDNA) sequences of D. salina strain CCAP 19/18 — a member of the Dunaliellinia
clade (Nakada et al. 2008). The salient features of these genomes are described and
compared with other chlamydomonadalean organelle genomes, particularly those of C.
reinhardtii and V. carteri. The evolutionary and biotechnological implications of these
sequences are discussed. The overreaching goals of this study are to use the D. salina
organelle DNA data to test contemporary theories on genome evolution and to lay the

foundation for a D. salina plastid transformation system.

Materials and Methods
D. salina Strain Information

The organelle DNA sequence data presented in this study come from D. salina
strain CCAP 19/18, which is maintained at the Culture Collection of Algae and Protozoa
(CCAP) in Argyll, Scotland. D. salina CCAP 19/18 originates from the hypersaline Hutt

Lagoon in Western Australia.

Assembly of the D. salina Organelle-genome Sequences

The complete mitochondrial and plastid genome sequences of D. salina were
generated by collecting and assembling the publicly available mtDNA and ptDNA trace
files that the DOE JGI D. salina nuclear genome sequencing project produced. Trace files
were data-mined from the National Center for Biotechnology Information (NCBI) D.

salina Trace Archive (http://www.ncbi.nlm.nih.gov/Traces/home/) using the following
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complete organelle genome sequences as trace BLAST (blastn 2.2.21+) queries: the C.
elongatum and C. eugametos mitochondrial genomes, and the C. reinhardtii and V.
carteri mtDNAs and ptDNAs — similar approaches to assembling organelle genomes
have been used in other studies (e.g., Smith and Lee [2010; Chapter 7]; Voigt et al.
[2008]). The BLAST parameters were as follows: an expectation value (E-value) of 10; a
word size of 11; match and mismatch scores of 2 and -3, respectively; and gap-cost
values of 5 (existence) and 2 (extension). Trace files showing >80% sequence similarity
to the BLAST queries were downloaded and then assembled with CodonCode Aligner
Version 2.0.6 (CodonCode Corporation, Dedham, MA, USA), which employs the Phred,
Cross-match, and Phrap algorithms for base calling, sequence comparison, and sequence
assembly, respectively. Assemblies were performed with a minimum percent identity
score of 98, a minimum overlap length of 500 nt, a match score of 1, a mismatch penalty
of -2, a gap penalty of -2, and an additional first gap penalty of -3. Gaps in the assemblies
were filled by trace file walking, which was carried out by using D. salina mtDNA and
ptDNA trace files as BLAST queries against the D. salina trace archive — a process that
allows one to “walk” slowly in both directions along the contigs, thereby, filling in any
gaps. The final assemblies of the D. salina mtDNA and ptDNA trace files gave complete

mitochondrial and plastid genome sequences with greater than 50-fold coverage.

Analyses of Introns and Repetitive DNA in the D. salina Organelle Genomes

Introns in the D. salina organelle genomes were detected, classified, and folded
into secondary structures using RNAweasel (Lang et al. 2007) and Rfam (Griffiths-Jones
et al. 2003). Introns that were not detected by these programs were identified by their
ability to be folded into suitable secondary structures. Intron/gene ratios were calculated
by dividing the number of introns in the genome by the gene number; for the D. salina
ptDNA, intergenic introns were included in this calculation. Dotplot similarity matrices
were generated with JDotter (version 12.2.0) using a sliding window size of 50 (Brodie et
al. 2004). Mfold (Zuker 2003) was employed for all secondary structure analyses.

The D. salina organelle-DNA sequences were initially scanned for repeats with
REPuter (Kurtz and Schleiermacher 1999) using the Hamming distance option and a

minimal repeat size setting of 12 nt. Forward, reverse, complement, and reverse
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complement repeats were all considered under REPuter. More detailed analyses of the D.
salina organelle genomes for repeats were performed by building a custom BLAST
databank of the mtDNA and ptDNA sequences and then comparing (blastn version
2.2.21+) this databank with specific regions from the mitochondrial and plastid genomes
using an E-value of 5, a word size of 7, a match score of 2, a mismatch penalty of -3, a

gap open score of 5, and a extend value of 2.

Nucleotide Sequence Accession Numbers

The GenBank accession numbers of the D. salina organelle-genome sequences

are GQ250045 (mtDNA) and GQ250046 (ptDNA).

Results and Discussion
Overview of the D. salina Organelle Genomes

The organelle genome sequences of D. salina were assembled using publicly
available trace files that the DOE JGI D. salina nuclear genome sequencing project
produced (see the Methods section for a detailed description of how the genome
assembly was performed). Genetic maps of the D. salina organelle genomes are shown in
Figures 8.1 (mtDNA) and 8.2 (ptDNA); for comparison, these two figures also include
the corresponding genetic maps from C. reinhardtii and Volvox carteri. Table 8.1
outlines the general features of the D. salina organelle genomes, including their length,
coding and noncoding DNA contents and nucleotide compositions, and compares these
statistics to those from other chlamydomonadalean organelle DNAs. A Venn diagram
highlighting the differences in gene content among available mtDNA sequences from the
Chlamydomonadales is presented in Figure 8.3. A schematic compilation comparing the
amounts of noncoding DNA in the D. salina organelle genomes with those from other
completely sequenced (and almost complete) organelle genomes is shown in Figure 7.1
(Chapter 7), and analyses of the repetitive elements within the D. salina organelle DNA

are summarized in Figure 8.4 and Figures 8.5 and 8.6.
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Size, Conformation, and Nucleotide Composition

The D. salina mitochondrial and plastid genomes are 28.3 and 269 kb,
respectively, and assemble as circular molecules — an observation that adds further
support to the hypothesis that linear mitochondrial genomes in chlamydomonadalean
algae are restricted to species within the Reinhardtinia clade (Table 8.1). The
mitochondrial genome of D. salina is small relative to those of non-chlamydomonadalean
green algae, which are, on average, 51.5 kb; however, it is still 5.4-15.3 kb larger than all
other available chlamydomonadalean mtDNAs, except for that of V. carteri, which is ~35
kb (Smith and Lee 2009b, 2010; Chapter 7; Appendix E). The size of the D. salina
plastid genome is more pronounced than its mitochondrial counterpart, being the largest
ptDNA sequenced thus far. Its nearest rivals are the 223.9 kb ptDNA of the
chlorophycean green alga Stigeoclonium helveticum and the 217.9 kb plastid genome of
the geranium Pelargonium X hortorum (Bélanger et al. 2006; Chumley et al. 2006).
Large plastid genomes are a common theme among chlamydomonadalean algae: the C.
reinhardtii plastid genome, at 204.2 kb (Maul et al. 2002), is the fourth largest
completely sequenced ptDNA, partial sequence data indicate that the V. carteri ptDNA 1is
~525 kb in length (Smith and Lee 2009b, 2010; Chapter 7; Appendix E), and gel
electrophoresis results place the plastid genomes of Chlamydomonas gelatinosa (of the
Reinhardtinia clade) and Chlamydomonas moewusii (of the Moewusinia clade [Nakada et
al. 2008]) at ~285 kb and ~292 kb in length, respectively (Boudreau et al. 1994;
Boudreau and Turmel 1996). The impressive size of the D. salina plastid genome (and
those from other chlamydomonadalean algae) is a reflection of a prodigious noncoding
DNA content rather than an unusually large gene repertoire. Within the D. salina ptDNA,
a pair of inverted repeats, each with a length of 14.4 kb, divides the genome into a large
(127.3 kb) and a small single-copy region (112.9 kb), referred to as the LSC and SSC
regions. The D. salina inverted repeats are 6.2 kb shorter than their C. reinhardtii
counterparts. This size discrepancy occurs because the C. reinhardtii inverted repeats
contain psbhA, a gene that is located in the SSC region of the D. salina ptDNA. Unlike in
D. salina, the SSC and LSC regions of the C. reinhardtii ptDNA are virtually
indistinguishable with sizes of ~80 kb. The precise lengths of the LSC, SSC, and inverted

repeat regions for the V. carteri plastid genome are unknown; however, preliminary size
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estimates place them at >25 kb (Smith and Lee 2010; Chapter 7). Southern blot analyses
and partial sequence data indicate that the inverted repeats of the C. moewusii ptDNA
may be upwards of 40 kb (Boudreau et al. 1994).

The GC content of the D. salina organelle DNAs is 34.4% (mtDNA) and 32.1%
(ptDNA), which is unremarkable in relation to other archaeplastidial organelle genomes
(i.e., those from eukaryotes with primary plastids). However, they are still the most GC-
poor (or AT-rich) organelle DNAs observed within the Chlamydomonadales, which is
significant because the Chlamydomonadales are one of the few lineages out of all
eukaryotes known to contain species with GC-rich mitochondrial genomes (Table 8.1)
(36,43). The GC content among the different regions of the D. salina mitochondrial and
plastid genomes is relatively constant: 33%mmna) and 34%pipna) for coding DNA;
34%mipna) and 32%pina) for introns and intronic open reading frames (ORFs); and
37%mipna) and 31%pina) for intergenic regions. For the different codon-site positions of
the mtDNA and ptDNA protein-coding regions, the GC content is approximately
38%miona) and 42%onay (1% position); 38%mipna) and 52%pnna) (2™ position); and
19%(mipna) and 13%piNa) (3" position). Cumulative GC-skew analyses, (often used to
pinpoint origins of replication [Grigoriev 1998]) of the D. salina mtDNA show a strong
positive correlation with the transcriptional orientation (data not shown), reflecting the
slightly higher GC content of the coding and intronic regions relative to the noncoding
mtDNA. The same analysis of the ptDNA gives a more disordered plot, but one typical of

ptDNA, because of the many shifts in transcriptional polarity throughout the genome.

Coding Content

Like other chlamydomonadalean species, D. salina has a severely diminished
mtDNA gene content of only 12 genes, which represent seven proteins, two rRNAs, and
three tRNAs. Outside of the Chlamydomonadales, the only species known to have more
reduced mtDNA gene contents are found in the phyla Apicomplexa and Dinoflagellata
and arguably some species within the supergroup Excavata (Kairo et al. 1994; Nash et al.
2007). Various studies have tried to explain why chlamydomonadalean algae have such
reduced mtDNA gene contents (Lynch et al. 2006; Smith and Lee 2008b; Chapter 5), but

at present no straightforward answer to this question exists. The D. salina mtDNA gene
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inventory mirrors those of Chlorogonium elongatum and Chlamydomonas eugametos, but
it shows some differences to those of Reinhardtinia-clade algae. These differences, which
can be visualized on the Venn diagram in Figure 8.3, involve changes in tRNA-coding
content and in the number of rRNA-coding fragments found on the genome. For
example, the D. salina mtDNA encodes three tRNAs, whereas Polytomella mtDNA
contains only #rnM, and the mitochondrial 7rns and rrnl genes of D. salina are divided
into three (S1-S3) and six (L1-L6) coding modules, whereas in available Reinhardtinia-
clade mtDNAs the rrns and rrnl genes are fragmented into at least four and eight coding
modules, respectively. Given the similarities among the D. salina, C. elongatum, and C.
eugametos mitochondrial genomes, these findings add further appreciation for the
stability of mtDNA gene content among chlamydomonadalean species outside of the
Reinhardtinia clade and underscore the instability of mtDNA gene content among
Reinhardtinia-clade taxa (Figure 8.3).

The D. salina plastid genome is much more gene rich than its mitochondrial
counterpart, with 102 genes — five of which are duplicates found in the inverted repeats.
When ignoring these duplicates, there are a total of 66 protein-, 3 rRNA-, and 28 tRNA-
coding genes. This gene content is reduced from those of green-plant species outside the
Chlamydomonadales, which on average have 123 ptDNA-encoded genes, representing 85
proteins, 3 rRNAs, and 35 tRNAs. It appears that chlamydomonadalean algae, at some
point during their evolution, went through a major reduction in ptDNA (and mtDNA)
coding content relative to most other photosynthetic eukaryotes. The D. salina ptDNA
gene repertoire is identical to those of C. reinhardtii and V. carteri with the following
minor exceptions: 1) the D. salina plastid genome encodes three copies of #7n/ — one
more than the C. reinhardtii and V. carteri ptDNAs; i1) D. salina, like C. reinhardtii, has
two ptDNA copies of trnE, whereas V. carteri has only one; iii) for D. salina and V.
carteri, the rps2 gene is represented by a single open reading frame, whereas for C.
reinhardtii, rps2 is fragmented into two adjacent open reading frames (7ps2-a and rps2-
b); and 1v) the D. salina ptDNA does not contain the RoaA-like gene (orf494), which is
present in the V. carteri ptDNA. Preliminary investigations of the plastids from
Moewusinia-clade algae (Broudreau et al. 1994; Turmel et al. 1987) indicate that their

ptDNA gene contents are similar to those of D. salina, C. reinhardtii, and V. carteri.
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Altogether, these findings suggest that ptDNA gene content is uniform throughout the
Chlamydomonadales, save for some minor differences in the number of tRNA-coding

genes.

Gene Order

All 12 genes on the D. salina mitochondrial genome are encoded on the same
strand (i.e., have identical transcriptional polarities), a characteristic shared by the three
other circular-mapping chlamydomonadalean mtDNAs sequenced thus far (Table 8.1).
Sequence data from chlamydomonadalean algae whose mtDNAs map as linear
molecules, such as C. reinhardtii and Polytomella spp., reveal genomes that have two
unequally sized gene clusters (i.e., a group of two or more genes that are situated close to
one another) with opposing transcriptional polarities, which proceed outwards toward the
ends of the genome (Figure 8.1). Based on these and the above observations, it is
reasonable to assume that the ancestral chlamydomonadalean mtDNA mapped as a
circular molecule with ~12 genes, all of which were encoded on the same strand, and that
the events giving rise to linear mtDNA were connected with, or resulted in, a shift in
transcriptional orientation of approximately one-third of the genes. The mtDNA gene
order of D. salina is unique and differs from those of other chlamydomonadalean algae.
Very few conserved mtDNA gene clusters are shared among D. salina and other
chlamydomonadalean species (Figure 8.1), but this is not surprising considering that
mtDNA gene arrangements can vary significantly even among closely related species in
this group (Denovan-Wright et al. 1998; Kroymann and Zetsche 1998; Mallet and Lee
2006; Smith and Lee 2010; Chapter 7). Previous reports suggest that homologous or
illegitimate recombination between mtDNA repeats is causing mitochondrial genome
rearrangements in chlamydomonadalean algae (Nedelcu 1997; Nedelcu and Lee 1998;
Smith and Lee 2008a; Chapter 2). The D. salina mitochondrial genome does contain
minor amounts of repetitive DNA (discussed below); these repeats may be catalysts for
genome rearrangements. In C. reinhardtii, mitochondrial genes are organized into
operons, which are first transcribed into polycistronic primary transcripts and then
subsequently processed into mature monocistronic units via endo- and exonucleolytic

cleavage (Gray and Boer 1988). A scan of the D. salina mitochondrial genetic map
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reveals clusters of tightly packed genes separated by large stretches of noncoding DNA
(Figure 8.1). These gene clusters may reflect the layout of operons in the genome, a
theory supported by the fact that they are punctuated by regions of noncoding DNA that
can be folded into secondary structures.

In contrast to the mtDNA, genes in the D. salina plastid genome are found on
both strands and occur in small groups of two to four genes, which are distributed among
the LSC and SSC regions and the inverted repeats (Figure 8.2). The former two regions
contain approximately 50 and 45 genes, respectively, whereas the inverted repeats
contain only five genes — fewer than any chlamydomonadalean inverted repeat explored
heretofore. The following additional genes are observed in the inverted repeats of other
chlamydomonadalean algae: psbA (C. reinhardtii, V. carteri, C. moewusii, C. eugametos,
C. gelatinosa, and Chlamydomonas pitschmannii), rbcL (C. moewusii and C. eugametos),
and atpB (C. gelatinosa). Regions of gene synteny between the ptDNA of D. salina and
those of C. reinhardtii and V. carteri (the only other chlamydomonadalean algae for
which complete ptDNA maps are available) are highlighted in gray on Figure 8.2. The
allocation of D. salina genes into small clusters is consistent with what is known for the
C. reinhardtii plastid genome, where genes appear to be transcribed into monocistronic
and dicistronic transcripts (Sakamoto et al. 1994; Jiao et al. 2004) rather than the larger
polycistronic transcripts that are observed for the mtDNA. Thus, regions of gene
colinearity between D. salina and C. reinhardtii (or V. carteri) may represent conserved

transcriptional units.

Introns and Intergenic Regions

One of the more salient features of the D. salina organelle genomes is their
noncoding DNA content: 58% of the mtDNA and 65.5% of the ptDNA consist of either
intergenic or intronic DNA. These values approach those of the V. carteri mitochondrial
(>60% noncoding) and plastid (>80% noncoding) genomes, which are currently the most
inflated organelle DNA sequences from the Chlorophyta (a phylum containing most of
the identified classes of green algae [Lewis and McCourt 2004]) (Figure 7.1; Chapter 7).
In fact, next to V. carteri, the D. salina ptDNA has a greater noncoding DNA

composition than any other plastid genome sequenced to date, exceeding that of the
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legume Trifolium subterraneum (57.9%) and C. reinhardtii (56.7%) (Figure 7.1; Chapter
7) (Maul et al. 2002; Cai et al. 2008). However, one would expect the unsequenced
plastid genomes of C. gelatinosa and C. moewusii, based on their estimated sizes
(Boudreau et al. 1994; Boudreau and Turmel 1996), to have more noncoding DNA than
D. salina but less than that of V. carteri (i.e., between 65-80% noncoding). Interestingly,
both the mitochondrial and plastid genomes of D. salina have equally large noncoding
DNA densities (58% vs. 65.5%). This observation goes against what is seen in C.
reinhardtii where the mtDNA and ptDNA have opposing architectures (~20% vs. ~57%
noncoding), but it is consistent with the V. carteri organelle genomes, which are both
distended with noncoding DNA (>60%).

The noncoding DNA in the D. salina organelle genomes can be subdivided into
two categories: intergenic regions, which make up 8.37 kb (29.5%) of the mtDNA and
139.65 kb (52%) of the ptDNA, and introns and intronic ORFs, which together represent
8.05 kb (28.5%) and 36.49 kb (13.5%) of mitochondrial and plastid genomes,
respectively. For the D. salina ptDNA, it is sometimes difficult to distinguish between
intergenic DNA and intronic DNA because intron-like sequences (including intronic
ORFs) are found in many of the intergenic regions (Figure 8.2). Altogether, 18 putative
group-I introns were found in the mtDNA (two of which contain intronic ORFs) and 43
putative introns were discerned in the ptDNA: 36 within genes (35 of group-I and 1 of
group-I1 affiliation) and 7 within intergenic regions (all of group-II affiliation). See
Figures 8.1 and 8.2 as well as Appendix F for a comparison of the organelle genome
intron content of D. salina with those of C. reinhardtii and V. carteri. Note, because of
the inverted repeats, 11 of the 43 introns in the ptDNA are duplicates (the single-copy-
intron count for the ptDNA is 32). Seventeen of the gene-located ptDNA introns contain
OREFs (their families are shown on Figure 8.2), whereas no ORFs were found within the
ptDNA intergenic introns. The remnants of eight intronic ORFs (pseudo ORFs) were
found in the intergenic ptDNA regions; these pseudo ORFs, which are often located
adjacent to intergenic introns (Figure 8.2), appear to be nonfunctional because they
contain frameshifts in their coding regions. All eight of the pseudo ORFs show sequence
similarity to genes that are typically found in either group-I or group-II introns (Figure

8.2), such as genes coding for integrase-, maturase-, reverse-transcriptase- and
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endonuclease-like proteins. Intergenic introns have been identified in other genomes
(Simon et al. 2008; Tourasse and Kolste 2008), but until now they had never been
observed in chlamydomonadalean organelle DNA, or, to the best of our knowledge, any
other green-algal organelle genomes. Most of the intergenic introns are highly derived
and could only be identified using domain V, which is the most conserved secondary
structure element of group-II introns (Lang et al. 2007). Further experiments will need to
be performed to confirm that the intergenic introns are functional (i.e., removed from
mature transcripts) rather than inert sequences. If they are functional, then it would imply
that many of the intergenic regions of the D. salina plastid genome are transcribed. There
is also the possibility that the individual intergenic introns represent the fragments of
larger introns that assemble after translation (i.e., the RNA fragments come together via
base-pairing to form larger RNA species that are capable of splicing). However,
secondary structure modeling of the intergenic introns gave no obvious indications that
this was the case.

The intron/gene ratios for the D. salina mitochondrial and plastid genomes are 1.5
and 0.42, respectively. These values are much larger than those of other
chlamydomonadalean organelle genomes, which range from 0 to 0.75 for available
mitochondrial genomes, and are less than 0.07 for the two available ptDNA sequences.
Notably, the D. salina ptDNA intron/gene ratio exceeds the average value for land plant
mitochondrial genomes (~0.6) (Lynch et al. 2007), which are considered to be among the
most intron-dense organelle DNAs.

The D. salina organelle DNAs contain significantly more introns than their C.
reinhardtii and V. carteri counterparts (Figures 8.1 and 8.2). In stark contrast to the 18
introns found in the D. salina mtDNA, C. reinhardtii and V. carteri have five (all group
I) and four (two group I and one group II) mitochondrial introns, respectively. Moreover,
for C. reinhardtii all five introns are “optional” and, as of yet, the maximum number
found in a single strain is three (Smith and Lee 2008b; Chapter 5). A similar trend is
observed for the ptDNA: when counting duplicate genes only once, the plastid genome of
C. reinhardtii has six introns (five group I and one group II) and that of V. carteri has
eight (three group I and five group II); both these values are significantly less than the 32

unique putative introns found in the D. salina plastid genome. Interestingly, for all of the
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genes that contain introns in the C. reinhardtii and V. carteri organelle DNAs, their
homologues in D. salina also contain introns, with the exception of cemA, which is
intronless in D. salina but contains a group-II intron in V. carteri. The number of introns
per gene and the intron insertion sites can differ among these three algae.

Other notable features of the D. salina noncoding organelle DNA include three
pseudogenes (rps7”, atpBY, and chIL") in the plastid genome. These pseudogenes, whose
functional copies are also present in the ptDNA, were classified as such, not because they
contain frameshifts in their coding sequence or because they appear highly degenerate
relative to their functional counterparts, but because they are missing the first half or first
two-thirds of their coding sequences. Furthermore, atpB" and chIL are located
immediately downstream of their functional copies, and in both cases a group-I intron is

sandwiched between the functional gene and the pseudogene (Figure 8.2).

Repeats

Unlike the mtDNA, which is relatively devoid of repeats, the D. salina plastid
genome abounds with repetitive elements. The difference in repeat content between the
mitochondrial and plastid genomes can be visualized by comparing their respective
dotplot similarity matrices, which are shown in Figures 8.5 (mtDNA) and 8.6 (ptDNA).
Looking at the ptDNA dotplot, it is apparent that the ptDNA repeats are found in
intergenic regions, introns, and in some of the longer protein-coding genes, such as fisH,
rpoC2, and ycfl1. Nucleotide BLAST analyses of the D. salina plastid genome indicate
that there are upwards of 5,000 repeats in the ptDNA, forming approximately 100 repeat
subclasses. With some exceptions, these repeats range from 30-60 nt in length and are 70-
90% AT. Some shorter (10-20 nt) GC-rich repeat elements (>50% GC) were also
identified. The high degree of sequence similarity among the different ptDNA repeats is
attributable to homopolymer runs rather than a recurring sequence motif. The C.
reinhardtii and V. carteri plastid genomes are also rich in repetitive DNA and Southern
blot analyses suggest that the C. gelatinosa ptDNA 1is as well (Boudreau and Turmel
1996; Maul et al. 2002; Smith and Lee 2009b; Appendix E). Presumably, C. pitschmannii
plastid genome, the smallest ptDNA observed from the Chlorophyceae (~187 kb),

contains fewer repeats than other chlamydomonadalean ptDNAs (Boudreau and Turmel
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1995), implying a connection between repeat content and plastid genome size. In a
general sense, the D. salina ptDNA repeats are analogous to the short dispersed repeats
described for the C. reinhardtii ptDNA (Maul et al. 2002), but they lack the consistent
motif of the palindromic elements of the V. carteri plastid genome (Smith and Lee
2009b; Appendix E).

The D. salina mtDNA dotplot reveals a mostly blank matrix, with the exception
of some small diagonal lines, which correspond to palindromic repeats (i.e., repeats that
can be folded into hairpin structures). Clusters of palindromic repeats are found in 18
different noncoding regions of the mitochondrial genome. The genomic breadth of these
clusters can be seen in Figure 8.1, where purple asterisks pinpoint the precise location of
these repeat clusters. A consensus sequence of one of the more frequently occurring
clusters is depicted in Figure 8.4. The mean length of the palindromic repeat clusters is
110 nt and, on average, they have a GC content of 50%. Each cluster contains
approximately three palindromic elements (i.e., three putative hairpin structures), and the
individual palindromes within each cluster range from 23-38 nt in length, and can be
either AT- or GC-rich (Figure 8.4). Ten of the eighteen intergenic regions that are found
in the mtDNA contain either one or two palindromic clusters (Figure 8.1), an
arrangement that suggests that the palindromes may play a role in gene processing.
Palindromic repeats have been described in other chlamydomonadalean mitochondrial
genomes, including those of C. reinhardtii, V. carteri, and Polytomella capuana (Gray
and Boer 1988; Nedelcu and Lee 1998; Smith and Lee 2008a, 2009b; Chapter 2;
Appendix E), and in many cases chlamydomonadalean mtDNA palindromic repeats have
been implicated in RNA processing (Boer and Gray 1991; Smith and Lee 2008a, 2009b;
Chapter 2; Appendix E). A notable observation is that the mitochondrial palindromic
repeats of both D. salina and V. carteri often contain the sequence 5'-TTTA-3' (or 5'-

TTT-3") in the loops of their hairpin structures (Figure 8.4).

Organelle DNA from Other D. salina Strains

Prior to this study, organelle DNA sequence data for D. salina was limited to 14
GenBank entries amounting to 6.7 kb of ptDNA, divided over six protein-coding loci (no

mtDNA sequence data were available). Most of these 14 entries do not list the strains of
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D. salina that were used for sequencing and only a few are associated with published
articles. Alignments of the CCAP 19/18 ptDNA data generated here with the D. salina
ptDNA data available at GenBank reveal a significant amount of sequence divergence:
pairwise nucleotide diversity values varied from 2.4% to 17.6%, which suggests that
none of the 14 D. salina entries are derived from strain CCAP 19/18 and that at least
some of the sequences at GenBank labeled D. salina are not the same species as CCAP
19/18. In comparison, the average silent-site ptDNA diversity among seven different
North American isolates of C. reinhardtii was estimated to be 1.4% (Smith and Lee
2009a; Chapter 6), and a recent study on seven V. carteri geographical isolates found
Tsilent Of the ptDNA to be ~0.065% (Smith and Lee 2010; Chapter 7). The high degree of
sequence diversity among D. salina GenBank entries appears to be a reflection of the
known issue of misidentification of Dunaliella salina isolates. Dunaliella researchers
should be mindful of the high levels of sequence divergence between CCAP 19/18 and
the available D. salina GenBank entries if using these data for sequence-based studies,

such as designing PCR primers.

Paving the Way Towards Plastid Transformation

The development of a reliable, high-efficiency genetic transformation system for
D. salina is an important objective for the Dunaliella research community, especially
when considering the many industrial applications that this technology could provide.
Genetic transformation of the D. salina nuclear genome has been successful (Polle and
Qin 2009; Feng et al. 2009); however, a lack of ptDNA sequence data has prevented
successful attempts at transforming the D. salina plastid genome — although an
unsuccessful attempt was made to transform the plastid of Dunaliella tertiolecta (Walker
et al. 2005). For Dunaliella species, there are significant advantages to plastid
transformation over nuclear transformation (see Verma and Daniell [2007] for a review),
some of which relate to the fact that ptDNA is polyploid and experiences high levels of
gene expression. Now that the D. salina ptDNA sequence is available, scientists will be
able to use these data to develop plastid transformation vectors targeting specific regions
of the D. salina ptDNA. Plastid transformation occurs via homologous recombination

between an engineered vector and a selected region of the plastid genome. Moreover,
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promoter and 3" UTR regions of genes (Fletcher et al. 2007) can now be used to design
vectors for D. salina with improved expression levels. In principle, transgenes can be
integrated into any site of the plastid genome, but transcriptionally-active intergenic
regions are ideal (Verma and Daniell 2007). One of the most frequently used integration
sites is the #rnl-trnA intergenic spacer, which is found in the inverted repeat of most
plastid genomes, including that of D. salina. Given its popularity, the trnl-trnA intergenic
region would be an ideal site for early attempts at transforming the D. salina ptDNA.
However, the discovery of intergenic introns in the D. salina ptDNA is an indication that
many of the intergenic regions are transcriptionally active, which, if true, should allow

for a diverse range of transformation targeting sites.

Conclusion

The D. salina organelle genomes are large, intron-dense molecules comprised
predominantly of noncoding nucleotides. Repetitive elements punctuate the noncoding
regions of the mitochondrial and plastid genomes, but are much more prevalent in the
ptDNA. Overall, the discovery of putative intergenic introns in the D. salina ptDNA adds
a new layer of complexity to the diverse repertoire of organelle genome architectures
found in the Chlamydomonadales. Already a model organism for synthesizing -carotene
and studying salt adaptation, D. salina is now an ideal species for investigating organelle
genome expansion. The high level of repetitive elements found in the plastid genome of
D. salina may mirror the high level of repetitive sequences that is expected to be present
in the nucDNA (DOE JGI, unpublished data). Publication of the plastid genome of D.
salina is expected to result in major advances of plastid engineering with generation and
use of transgenic D. salina strains for a number of new applications in the fields of
biofuels as well as in vaccine antigene and biopharmaceutical production. The complete
sequence of the D. salina nuclear genome will be made available soon, placing D. salina
in a group of a select few photosynthetic eukaryotes for which complete genome

sequences from all three genetic compartments are available.
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Table 8.1. Available Organelle Genome Data for Chlamydomonadalean Algae

Genus and species Clade Mapping Size (kb) % %GC GenBank Reference
conformatio coding® Accession (Chapter)
n

MITOCHONDRIAL GENOMES

Chlamydomonas Reinhardtinia linear ~17.5° ~75° ~44° DQ373068 Popescu & Lee 2007
incerta

Chlamydomonas Reinhardtinia linear 15.8-18.9 67-82 ~45 EU306617-23 Michaelis et al. 1990
reinhardtii Chapter 5

Polytomella Reinhardtinia linear 13.0 82.0 57.2 EF645804 Smith & Lee 2008a
capuana Chapter 2

Polytomella Reinhardtinia linear- 16.2¢ 65.5¢ 41.0°  AY062933-4 Fan & Lee 2002
parva fragmented

Polytomella Reinhardtinia linear- 16.1¢ 65.8° 42.0°  GU108480-1 Smith et al. 2010a
piriformis® fragmented Chapter 3

Volvox carteri f. Reinhardtinia circular’ ~35° <40° ~34° EU760701, Smith & Lee 2009b, 2010
nagariensis GU084821 Chapter 7, Appendix E

Chlamydomonas Moewusinia circular 22.9 534 34.6 AF008237 Denovan-Wright et al. 1998
eugametos

Chlamydomonas Moewusinia circular® ~21° — — — Boudreau et al. 1994
moewusii

Chlamydomonas Moewusinia circular® ~16.5° — — — Boudreau & Turmel 1995
pitschmannii

Chlorogonium Chlorogonia circular 22.7 533 37.8 Y13643-4, Kroymann & Zetsche 1998
elongatum Y07814

Dunaliella Dunaliellinia circular 28.3 42.0 34.4 GQ250045 Smith et al. 2010b
salina Chapter 8

PLASTID GENOMES

Chlamydomonas Reinhardtinia circular® ~285¢ — — — Boudreau & Turmel 1996
gelatinosa

Chlamydomonas Reinhardtinia circular 204.2 433 34.5 Fl423446 Maul et al. 2002
reinhardtii Chapter 6

Volvox carteri f. Reinhardtinia circular ~525° <20° ~43° GU084820 Smith & Lee 2009b, 2010
nagariensis Chapter 7, Appendix E

Chlamydomonas Moewusinia circular® ~243¢ — — — Boudreau et al. 1994

170



Genus and species Clade Mapping Size (kb) % %GC GenBank Reference
conformatio coding® Accession (Chapter)
n
eugametos
Chlamydomonas Moewusinia circular® ~292¢ — — — Boudreau et al. 1994
moewusii
Chlamydomonas Moewusinia circular® ~187¢ — — — Boudreau & Turmel 1995
pitschmannii
Dunaliella Dunaliellinia circular 269.0 345 32.1 GQ250046 Smith et al. 2010b
salina Chapter 8

Note: “—”, data not available. Clades are defined by Nakada et al. (2008).

“ Intronic open reading frames were not considered as coding DNA.

® These data vary because of the presence/absence of optional introns.

‘ These data are based on almost-complete genome sequences.

I MIDNA consists of two fragments; data are based on the concatenation of these fragments.

® These data are based on gel-electrophoresis and Southern-blot analyses.

" The circular conformation of the V. carteri mtDNA is based on genome-assembly data (Smith and Lee 2010) and needs to be

confirmed by gel electrophoresis experiments.

€ This strain is formally known as Polytomella SAG 63-10.
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Figure 8.1. Complete Mitochondrial Genome Maps for D. salina (Middle), C.
reinhardtii (Inner), and V. carteri (Outer)

The mitochondrial genome of D. salina (this study) is 28.3 kb, that of C. reinhardtii
(GenBank accession numbers EU306617-23) ranges from 15.8-18.9 kb, depending on the
presence of optional introns, and that of V. carteri (GenBank accession numbers
EU760701 and GUO084821) is ~35 kb. Note that the C. reinhardtii mtDNA is a linear
molecule. Arrows within the coding regions denote transcriptional polarities. The small
subunit and large subunit rRNA-coding regions are fragmented into modules. Transfer
RNA-coding regions are designated by the single-letter abbreviation of the amino acid
they specify. Purple asterisks denote the sites of palindromic repeat clusters (see Figure

8.4 for more details). Rt/ codes for a putative reverse-transcriptase-like protein.
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H = tRNA coding H- group-I intron
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Figure 8.2. Complete Plastid Genome Maps for D. salina (Middle), C. reinhardtii
(Inner), and V. carteri (Outer)

The D. salina plastid genome (this study) is 269 kb. The C. reinhardtii and V. carteri
plastid genomes (GenBank accession numbers FJ423446 and GU084820) are 204.2 kb
and ~525 kb, respectively. Arrows within the coding regions denote transcriptional
polarities. Transfer RNA-coding regions are designated by the single-letter abbreviation
of the amino acid they specify. Introns within intergenic regions are labeled with blue
asterisks. Pseudogenes are labeled with a . For all three genomes, the psa4 gene is
fragmented; the translational order of these fragments is set out using superscript
numbers. The portions of the D. salina genome map that are gray (as opposed to black)
highlight gene colinearity (not including introns) with either the C. reinhardtii or V.

carteri plastid genomes.
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Figure 8.3. Venn Diagram Comparing the Gene Repertoires of
Chlamydomonadalean Mitochondrial Genomes

Chlamydomonadalean algae are labeled as follows: Ce = Chlamydomonas eugametos; Ch
= Chlorogonium elongatum; Ci = Chlamydomonas incerta; Cr = Chlamydomonas
reinhardtii; Ds = Dunaliella salina; Ps = Polytomella capuana, Polytomella parva, and
Polytomella piriformis (strain SAG 63-10); Vc = Volvox carteri. *Rtl codes for a putative
reverse-transcriptase-like protein: in C. reinhardtii and C. incerta this gene is
independent of an intron, whereas in V. carteri it is within a group-II intron. Note, the C.

eugametos mtDNA contains a duplicate copy of trnM.
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Figure 8.4. Consensus Sequences and Secondary Structures of the D. salina
Mitochondrial Palindromic Repeat Elements

The number of times each element appears in the D. salina mitochondrial genome is
shown in red numbers. The locations of these palindromic elements within the mtDNA

are depicted on Figure 7.1 using purple asterisks.
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Figure 8.5. Dotplot Similarity Matrix of the D. salina Mitochondrial Genome

The X- and Y-axes each represent the D. salina mitochondrial genome (28.3 kb). For
clarity, genetic maps of the D. salina mtDNA are placed below and beside these axes —
on these maps coding regions are green and introns are blue (refer to Figure 8.1 for the
complete annotation). Dots in the nucleotide similarity matrix represent regions of

sequence similarity. The matrix was generated using a sliding-window size of 50.

176



tide similarity matri

3!

PR e

Dunaliella salina plastid genome

3!

Figure 8.6. Dotplot Similarity Matrix of the D. salina Plastid Genome

The X- and Y-axes each represent the D. salina plastid genome (260 kb). For clarity,
genetic maps of the D. salina ptDNA are placed below and beside these axes — on these
maps coding regions are green and introns are blue (refer to Figure 8.2 for the complete
annotation). Dots in the nucleotide similarity matrix represent regions of sequence
similarity. The matrix was generated using a sliding-window size of 50. The inverted

repeats are highlighted in red in the matrix.
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CHAPTER 9: CONCLUSION

This thesis explored the architectural and nucleotide-sequence diversity of
chloroplastidial genomes and attempted to pinpoint the fundamental evolutionary
processes responsible for this diversity. The data presented throughout the seven primary
chapters (Chapters 2 to 8) centered on the mitochondrial and plastid (and in some cases
nuclear) DNAs from the green algal species Polytomella capuana, Polytomella
piriformis, Chlamydomonas reinhardtii, Volvox carteri, and Dunaliella salina, and
members of the land plant genus Selaginella. Analyses of these data revealed an
impressive range of organelle genome sizes, compactnesses, conformations, and
nucleotide compositions within the Chloroplastida, and underscored the role that non-
adaptive forces have had in shaping this diversity.

Much of this dissertation documented extraordinary and unprecedented departures
from what was considered “typical” of organelle genome architecture. It was shown,
using the mitochondrial DNA (mtDNA) of P. capuana and the plastid DNAs (ptDNAs)
of Selaginella species, that organelle genomes are not a// AT-rich molecules, as some had
believed, but that they can be driven to GC excess. Interestingly, we found that this GC
richness is most prominent at silent nucleotide sites as well as those that experience RNA
editing, suggesting a “neutral” underpinning for this nucleotide composition bias. Further
data from P. capuana in conjunction with data on P. piriformis revealed new insights into
mitochondrial genome linearization and fragmentation, and telomere evolution; these
data indicate that the variation in genomic fragmentation among Polytomella taxa could
be the result of recombination among GC-rich repeats and random genetic drift. Analyses
of the V. carteri and D. salina mitochondrial and plastid DNAs exposed the most
expanded organelle genomes observed from green algae, and eukaryotes in general, and
demonstrated that this expansion can be manifested in either intron or repeat content.
Finally, population genetic studies showed that for C. reinhardtii and V. carteri the
product of the mutation rate and the effective genetic population size is positively
correlated to genome compactness, and is, in my opinion, responsible for shaping the
architectural characteristics of the organelle and nuclear DNAs of these two algae —
particularly genome size. Thus, taken as whole, this dissertation can be condensed into

two main points: 1) that chlamydomonadalean algae boast some of the most varied and

178



unusual organelle genomes from all eukaryotes, and i1) that much of this variation can be
framed in non-adaptive terms.

If, indeed, non-adaptive processes have tailored the architecture of genes and
genomes in the Chloroplastida, and in life as a whole, then we must ask ourselves: what
impact have these factors had on the higher-level organization of organisms, such as
metabolism, multicellularity, and cellular differentiation? I would venture to say that non-
adaptive factors have shaped or have had a cascading effect on all levels of cellular and
organismal structure, both at the genomic and molecular level, as described in this thesis,
as well as at the whole-organism level. If true, one may expect to find — if focusing on
chlamydomonadalean algae for example — a positive scaling of genome size (and
genomic ornamentations in general) with organism size, which tends to have an inverse
relationship to the effective genetic population size. Thus, I hypothesize, that as more
chlamydomonadalean algae are sampled, particularly members of the volvocine line (i.e.,
the lineage which contains Volvox and many other multicellular/colonial species) we will
discover that levels of multicellularity and cellular differentiation (which should reflect
an organism’s size and therefore can be used, in a very general sense, as a proxy for
population size) are positively correlated to the degree of genomic embellishment (e.g.,
the amount of noncoding, intron, and repeat DNA). Similarly, I would predict unicellular
chlamydomonadalean algae, like C. reinhardtii and the Vitreochlamys, to have more
compact and less exaggerated genomes than their multicellular/colonial relatives. It
cannot be emphasized enough what an excellent group the chlamydomonadales are for
addressing these types of evolutionary questions, especially the Volvocaceae, which
contains species ranging in complexity from 16 cells up to 50,000 cells (Herron et al.
2009).

Studying the relationship between multicellularity and genome architecture within
the chlamydomonadales may give insights into how the effective genetic population size
can influence genome evolution, but it will not reveal the role that mutation rate plays in
this process. One way to gain an understanding of mutation rate (aside from measuring
nucleotide diversity) and how it is governing the genomic architecture of green algae
would be to look at silent-site substitution rates between closely related species within a

lineage. More specifically, one could measure the relative silent-site substitution rates
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among the mitochondrial, plastid, and nuclear genomes. At present, there is lack of these
types of data for green algae. However, the United States Department of Energy Joint
Genome Institute has sequenced the genomes (mitochondrial, plastid, and nuclear) of two
closely related Micromonas species, three Ostreococcus species, and two species of
Chlorella; thus, the sequence data for these types of analyses are readily available.
Knowledge of the relative silent-site substitution rates for various green algal lineages
may help us understand why the genomes within some green algal species have opposing
architectures (e.g., C. reinhardtii) whereas within other species (e.g., Ostreococcus spp.)
all three genetic compartments have a similar architecture. Moreover, they may provide
an explanation for why I found that when looking at silent-site nucleotide diversity values
it is best to compare like with like, i.e., mtDNA versus mtDNA, ptDNA versus ptDNA,
etc.

A final thought on which to conclude this thesis is the fact that most biologists,
and scientists as a whole, and certainly many in the general public, have, as Michael
Lynch put it, “an uncritical acceptance of natural selection as an explanatory force for all
aspects of biodiversity” (Lynch 2007). In other words, when scientists observe diverse
biological traits at the micro or macro level they often conclude that natural selection
surely produced the end products. And although this may be true in many instances, I
would argue that the adaptive hypotheses should be considered only after dismissing the
non-adaptive “null” hypothesis. Even Darwin had a concept of how evolution could
proceed under non-adaptive mechanisms. So let us leave the final word to him:
“Variations neither useful nor injurious would not be affected by natural selection, and
would be left either a fluctuating element, as perhaps we see in certain polymorphic
species, or would ultimately become fixed, owing to the nature of the organism and the

nature of conditions” (1859).
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The GC Content of Completely Sequenced Plastid Genomes

Taxon Genome Fraction GC1 GC2 GC3 GC3syn GenBank
length (nt) GC accession #
Acorus americanus 153,819 0.386 0.461 0.382 0.322 0.301 NC 010093
Acorus calamus 153,821 0.386 0.461 0.382 0.322 0.301 NC 007407
Adiantum capillus-veneris 150,568 0.420 0.456 0.410 0.383 0.425 NC 004766
Aethionema cordifolium 154,168 0.366 0.446 0.373 0.294 0.285 NC 009265
Aethionema grandiflorum 154,243 0.368 0.446 0.375 0.297 0.290 NC 009266
Agrostis stolonifera 136,584 0.385 0.472 0.395 0.303 0.290 NC_008591
Amborella trichopoda 162,686 0.383 0.361 0.433 0.376 0.332 NC 005086
Aneura mirabilis 108,007 0.406 0.458 0.400 0.315 0.326 NC 010359
Angiopteris evecta 153,901 0.355 0.453 0.377 0.244 0.205 NC 008829
Anthoceros formosae 161,162 0.329 0.431 0.380 0.228 0.187 NC_004543
Arabidopsis thaliana 154,478 0.363 0.445 0.371 0.294 0.286 NC 000932
Arabis hirsuta 153,689 0.364 0.445 0.373 0.294 0.289 NC 009268
Atropa belladonna 156,687 0.376 0.452 0.376 0.311 0.297 NC 004561
Babesia bovis T2Bo 35,107 0.220 0.257 0.246 0.150 0.092 NC 011395
Barbarea verna 154,532 0.364 0.445 0.372 0.294 0.283 NC 009269
Bigelowiella natans 69,166 0.302 0.398 0.353 0.133 0.068 NC 008408
Brachypodium distachyon 135,199 0.386 0.468 0.394 0.312 0.293 NC 011032
Buxus microphylla 159,010 0.381 0.453 0.380 0.318 0.297 NC 009599
Calycanthus floridus var. glaucus 153,337 0.393 0.459 0.385 0.328 0.308 NC 004993
Capsella bursa-pastoris 154,490 0.366 0.448 0.373 0.297 0.287 NC 009270
Carica papaya 160,100 0.369 0.451 0.378 0.305 0.290 NC 010323
Ceratophyllum demersum 156,252 0.382 0.456 0.382 0.316 0.294 NC 009962
Chaetosphaeridium globosum 131,183 0.296 0.404 0.339 0.166 0.135 NC 004115
Chara vulgaris 184,933 0.262 0414 0.344 0.192 0.136 NC 008097
Chlamydomonas reinhardtii 203,828 0.345 0.429 0.368 0.170 0.103 NC 005353
Chloranthus spicatus 157,772 0.389 0.460 0.387 0.317 0.298 NC 009598
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Taxon Genome Fraction GC1 GC2 GC3 GC3syn GenBank
length (nt) GC accession #
Chlorella vulgaris 150,613 0.316 0.453 0.359 0.227 0.219 NC 001865
Chlorokybus atmophyticus 152,254 0.362 0.479 0.380 0.243 0.196 NC 008822
Cicer arietinum 125,319 0.339 0.448 0.370 0.270 0.257 NC 011163
Citrus sinensis 160,129 0.385 0.460 0.384 0.322 0319 NC 008334
Coffea arabica 155,189 0.374 0.456 0.381 0.300 0.290 NC 008535
Crucihimalaya wallichii 155,199 0.364 0.446 0.374 0.295 0.288 NC 009271
Cryptomeria japonica 131,810 0.354 0.459 0.365 0.279 0.262 NC 010548
Cucumis sativus 155,293 0.371 0.443 0.380 0.310 0.292 NC 007144
Cuscuta exaltata 125,373 0.381 0.462 0.389 0.312 0.325 NC 009963
Cuscuta gronovii 86,744 0.377 0.453 0.377 0.297 0.304 NC 009765
Cuscuta obtusiflora 85,286 0.378 0.453 0.379 0.297 0.305 NC 009949
Cuscuta reflexa 121,521 0.382 0.456 0.383 0314 0.324 NC 009766
Cyanidioschyzon merolae strain 10D 149,987 0.376 0.485 0.377 0.257 0.256 NC 004799
Cyanidium caldarium 164,921 0.327 0413 0.342 0.242 0.207 NC 001840
Cyanophora paradoxa 135,599 0.305 0.462 0.364 0.139 0.116 NC 001675
Cycas taitungensis 163,403 0.394 0.461 0.386 0.321 0.299 NC 009618
Daucus carota 155911 0.377 0.453 0.384 0.301 0.291 NC 008325
Dioscorea elephantipes 152,609 0.372 0.450 0.378 0.297 0.281 NC 009601
Draba nemorosa 153,289 0.365 0.445 0.374 0.294 0.286 NC 009272
Drimys granadensis 160,604 0.388 0.458 0.384 0.324 0.302 NC 008456
Eimeria tenella strain Penn State 34,750 0.206 0.200 0.217 0.040 0.041 NC 004823
Emiliania huxleyi 105,309 0.368 0.493 0.380 0.244 0.204 NC 007288
Epifagus virginiana 70,028 0.360 0.384 0.339 0.280 0.301 NC 001568
Eucalyptus globulus subsp. globulus 160,286 0.369 0.450 0.381 0.302 0.283 NC 008115
Euglena gracilis 143,171 0.260 0.355 0.340 0.214 0.178 NC 001603
Euglena longa 73,345 0.224 0.272 0.255 0.126 0.095 NC 002652
Fagopyrum esculentum subsp. 159,599 0.380 0.454 0.375 0.315 0.308 NC 010776

ancestrale
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Taxon Genome Fraction GC1 GC2 GC3 GC3syn GenBank
length (nt) GC accession #
Festuca arundinacea 136,040 0.384 0.471 0.397 0.304 0.293 NC 011713
Glycine max 152,218 0.354 0.439 0.369 0.275 0.262 NC 007942
Gossypium barbadense 160,317 0.372 0.455 0.378 0.315 0.304 NC _ 008641
Gossypium hirsutum 160,301 0.372 0.457 0.382 0.309 0.301 NC 007944
Gracilaria tenuistipitata var. liui 183,883 0.292 0.404 0.334 0.175 0.135 NC 006137
Guillardia theta 121,524 0.330 0.453 0.358 0.185 0.147 NC 000926
Guizotia abyssinica 151,762 0.376 0.453 0.380 0.303 0.286 NC 010601
Helianthus annuus 151,104 0.376 0.453 0.379 0.306 0.286 NC 007977
Helicosporidium sp. ex Simulium
Jjonesii 37,454 0.269 0.330 0.294 0.126 0.128 NC 008100
Heterosigma akashiwo 159,370 0.304 0.440 0.352 0.170 0.137 NC 010772
Hordeum vulgare subsp. vulgare 136,462 0.383 0.471 0.396 0.300 0.285 NC 008590
Huperzia lucidula 154,373 0.362 0.462 0.383 0.258 0.230 NC 006861
Hlicium oligandrum 148,553 0.390 0.461 0.388 0.325 0.300 NC 009600
Ipomoea purpurea 162,046 0.375 0.450 0.375 0.312 0.305 NC 009808
Jasminum nudiflorum 165,121 0.380 0.457 0.378 0.313 0.297 NC 008407
Lactuca sativa 152,765 0.375 0.460 0.386 0.308 0.289 NC 007578
Lemna minor 165,955 0.357 0.447 0.369 0.293 0.264 NC 010109
Lepidium virginicum 154,743 0.365 0.447 0.375 0.294 0.284 NC 009273
Leptosira terrestris 195,081 0.273 0.416 0.353 0.199 0.172 NC _ 009681
Liriodendron tulipifera 159,886 0.392 0.461 0.385 0.325 0.301 NC 008326
Lobularia maritima 152,659 0.365 0.447 0.374 0.296 0.286 NC 009274
Lolium perenne 135,282 0.382 0.468 0.390 0.307 0.288 NC 009950
Lotus japonicus 150,519 0.360 0.442 0.369 0.293 0.284 NC 002694
Manihot esculenta 161,453 0.359 0.454 0.378 0.287 0.281 NC 010433
Marchantia polymorpha 121,024 0.288 0.393 0.333 0.129 0.102 NC 001319
Medicago truncatula 124,033 0.340 0.452 0.372 0.270 0.256 NC 003119
Mesostigma viride 118,360 0.302 0.432 0.365 0.140 0.104 NC 002186
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Taxon Genome Fraction GC1 GC2 GC3 GC3syn GenBank
length (nt) GC accession #
Morus indica 158,484 0.364 0.451 0.375 0.294 0.277 NC 008359
Nandina domestica 156,599 0.383 0.455 0.499 0.543 0.297 NC 008336
Nasturtium officinale 155,105 0.364 0.445 0.372 0.295 0.284 NC 009275
Nephroselmis olivacea 200,799 0.421 0.535 0.400 0.357 0.333 NC 000927
Nicotiana sylvestris 155,941 0.378 0.450 0.502 0.536 0.301 NC _ 007500
Nicotiana tabacum 155,943 0.378 0.458 0.383 0.319 0.300 NC 001879
Nicotiana tomentosiformis 155,745 0.378 0.452 0.377 0.316 0.302 NC 007602
Nuphar advena 160,866 0.391 0.460 0.386 0.332 0.309 NC 008788
Nymphaea alba 159,930 0.392 0.459 0.385 0.334 0312 NC 006050
Odontella sinensis 119,704 0.318 0.445 0.359 0.174 0.147 NC 001713
Oedogonium cardiacum 196,547 0.295 0.374 0.303 0.178 0.162 NC 011031
Oenothera argillicola 165,055 0.391 0.480 0.378 0.337 0.330 NC 010358
Oenothera biennis 164,807 0.391 0.479 0.380 0.336 0.329 NC 010361
Oenothera elata subsp. hookeri 165,728 0.391 0.479 0.379 0.336 0.328 NC 002693
Oenothera glazioviana 165,225 0.390 0.480 0.380 0.336 0.329 NC 010360
Oenothera parviflora 163,365 0.391 0.478 0.381 0.336 0.329 NC 010362
Olimarabidopsis pumila 154,737 0.365 0.446 0.373 0.296 0.288 NC 009267
Oltmannsiellopsis viridis 151,933 0.405 0.488 0.398 0.243 0.158 NC 008099
Oryza nivara 134,494 0.390 0.469 0.392 0.326 0.315 NC 005973
Oryza sativa Indica Group 134,496 0.390 0.477 0.397 0.308 0.297 NC 008155
Oryza sativa Japonica Group 134,525 0.390 0.469 0.392 0.326 0.309 NC 001320
Ostreococcus tauri 71,666 0.399 0.541 0.407 0.270 0.155 NC 008289
Panax ginseng 156,318 0.381 0.455 0.380 0.315 0.299 NC 006290
Pelargonium x hortorum 217,942 0.396 0.467 0.379 0.350 0.336 NC 008454
Phaeodactylum tricornutum 117,369 0.326 0.441 0.355 0.188 0.175 NC 008588
Phalaenopsis aphrodite subsp.
formosana 148,964 0.367 0.456 0.386 0.320 0.300 NC 007499
Phaseolus vulgaris 150,285 0.354 0.435 0.366 0.271 0.254 NC 009259
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Taxon Genome Fraction GC1 GC2 GC3 GC3syn GenBank
length (nt) GC accession #
Physcomitrella patens subsp. patens 122,890 0.285 0.404 0.335 0.142 0.111 NC _ 005087
Picea sitchensis 109,798 0.387 not available  not available  not available  not available NC 011152
Pinus contorta 115,615 0.381 not available  not available  not available  not available NC 011153
Pinus gerardiana 116,997 0.385 not available  not available  not available  not available NC 011154
Pinus koraiensis 117,190 0.388 0413 0.407 0.364 0.405 NC 004677
Pinus krempfii 115,555 0.384 not available  not available  not available  not available NC 011155
Pinus lambertiana 112,521 0.382 not available  not available  not available  not available NC 011156
Pinus longaeva 115,896 0.384 not available  not available  not available  not available NC 011157
Pinus monophylla 114,607 0.384 not available  not available  not available  not available NC 011158
Pinus nelsonii 110,575 0.383 not available  not available  not available  not available NC 011159
Pinus thunbergii 119,707 0.385 0.456 0.383 0.320 0.310 NC 001631
Piper cenocladum 160,624 0.383 0.461 0.389 0.328 0.311 NC 008457
Platanus occidentalis 161,791 0.380 0.457 0.382 0.321 0.299 NC 008335
Populus alba 156,505 0.367 0.451 0.378 0.298 0.286 NC 008235
Populus trichocarpa 157,033 0.367 0.449 0.377 0.301 0.289 NC 009143
Porphyra purpurea 191,028 0.330 0.447 0.360 0.205 0.165 NC 000925
Porphyra yezoensis 191,952 0.331 0.447 0.361 0.210 0.168 NC 007932
Pseudendoclonium akinetum 195,867 0.326 0.409 0.349 0.225 0.239 NC 008114
Psilotum nudum 138,829 0.360 0.439 0.372 0.293 0.262 NC 003386
Ranunculus macranthus 155,129 0.379 0.454 0.381 0.310 0.299 NC 008796
Rhodomonas salina 135,854 0.348 0.467 0.368 0.234 0.166 NC 009573
Saccharum hybrid cultivar SP-80-
3280 141,182 0.384 0.471 0.396 0.320 0.308 NC_005878
Saccharum officinarum 141,182 0.384 0.464 0.392 0.327 0.316 NC 006084
Scenedesmus obliquus 161,452 0.269 0.393 0.337 0.143 0.092 NC 008101
Selaginella moellendorffii 173,780 0.510 0.559 0.508 0.448 0.464 FJ755183
Selaginella uncinata 144,170 0.548 0.588 0.547 0.493 0.510 AB197035
Solanum bulbocastanum 155,371 0.379 0.456 0.383 0.309 0.293 NC 007943

208



Taxon Genome Fraction GC1 GC2 GC3 GC3syn GenBank

length (nt) GC accession #
Solanum lycopersicum 155,461 0.379 0.454 0.379 0.313 0.295 NC 007898
Solanum tuberosum 155,298 0.379 0.453 0.379 0.314 0.297 NC _ 008096
Sorghum bicolor 140,754 0.385 0.473 0.394 0.306 0.295 NC 008602
Spinacia oleracea 150,725 0.368 0.449 0.378 0.294 0.282 NC 002202
Staurastrum punctulatum 157,089 0.325 0.444 0.365 0.185 0.146 NC 008116
Stigeoclonium helveticum 223,902 0.289 0.385 0.345 0.181 0.155 NC 008372
Thalassiosira pseudonana 128,814 0.307 0.436 0.359 0.149 0.118 NC 008589
Theileria parva strain Muguga 39,579 0.195 0.230 0.219 0.131 0.113 NC 007758
Toxoplasma gondii RH 34,996 0.214 0.216 0.226 0.050 0.036 NC 001799
Trachelium caeruleum 162,321 0.383 0.460 0.378 0.316 0.303 NC 010442
Trifolium subterraneum 144,763 0.390 0.464 0.383 0.287 0.276 NC 011828
Triticum aestivum 134,545 0.383 0.470 0.391 0.307 0.289 NC 002762
Vaucheria litorea 115,341 0.279 0.409 0.337 0.086 0.072 NC 011600
Vitis vinifera 160,928 0.374 0.454 0.382 0.301 0.281 NC 007957
Welwitschia mirabilis 119,726 0.367 0.438 0.354 0.282 0.259 NC 010654
Zea mays 140,384 0.385 0.467 0.394 0.323 0.311 NC 001666
Zygnema circumcarinatum 165,372 0.311 0.457 0.376 0.222 0.160 NC 008117

Note: GC1, GC2, and GC3 are the fractional GC contents at first-, second-, and third-position codon sites, respectively. GC3y, 1s the
proportion of G or C nucleotides at fourfold-degenerate sites, which are third-position codon sites that can tolerate any of the four
nucleotides without altering the amino acid specified.
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Available RbcL ptDNA Sequences from Selaginella Species

Taxon Subgenus Geographical Sequence G+C GC1 GC2 GC3  GC3,y, GenBank

distribution length (nt) Fraction accession number
Selaginella acanthostachys Stachygynandrum' S. America' 1299 0.50 0.61 0.47 0.42 0.42 AJ295884
Selaginella alopecuroides Stachygynandrum' Borneo' 1287 0.50 0.61 0.47 0.42 0.43 AJ295875
Selaginella apoda Stachygynandrum' N. America’ 1428 0.51 0.59 0.43 0.52 0.48 SLGCPRBCL
Selaginella arenicola Tetragonostachys2 N. America’ 480 0.52 0.55 0.45 0.55 0.60 AF419084
Selaginella arizonica Tetragonostachys' N. America’ 1323 0.52 0.59 0.43 0.53 0.56 AF419078
Selaginella arsenei Tetragonostachys2 Mexico’ 1350 0.52 0.60 0.43 0.52 0.53 AF419056
Selaginella articulata Stachygynandrum' S. & C. America' 1272 0.56 0.61 0.44 0.62 0.63 AJ295894
Selaginella asprella Tetragonostachys2 N. America, Mexico® 1350 0.52 0.60 0.44 0.52 0.54 AF419064
Selaginella australiensis Stachygynandrum' Australia' 1296 0.51 0.61 0.46 0.47 0.39 AJ295890
Selaginella balansae Tetragonostachys2 Morocco’ 1350 0.52 0.60 0.43 0.53 0.56 AF419080
Selaginella bigelovii Tetragonostachys2 N. America’ 1320 0.51 0.59 0.43 0.50 0.52 AF419082
Selaginella bombycina Stachygynandrum' S. & C. America' 1341 0.50 0.61 0.47 0.42 0.43 AJ010848
Selaginella brooksii Stachygynandrum? Borneo’ 1284 0.50 0.61 047 041 0.41 AJ295876
Selaginella caffrorum Tetragonostachys2 E. Africa & Arabia® 1165 0.50 0.59 0.41 0.51 0.53 AF419070
Selaginella ciliaris incertae sedis SE Asia, Australia’ 1380 0.51 0.60 0.48 0.46 0.41 EU126658
Selaginella cinerascens Tetragonostachys2 N. America, Mexico® 1350 0.52 0.60 0.44 0.52 0.56 AF419063
Selaginella deflexa Selaginella' Hawaii' 1338 0.51 0.60 0.45 0.48 0.47 AF093253
Selaginella densa Tetragonostachys2 N. America’ 1350 0.52 0.60 0.44 0.51 0.53 AF419069
Selaginella denticulata Stachygynandrum' Mediterrranean’ 1293 0.53 0.62 0.51 0.45 0.49 AJO10853
Selaginella diffusa Stachygynandrum' S. & C. America' 1329 0.55 0.60 0.44 0.62 0.63 AJ010852
Selaginella digitata Stachygynandrum' Madagascar’ 1284 0.51 0.60 0.45 0.48 0.48 AJ295895
Selaginella douglasii Stachygynandmm2 N. America’ 1335 0.54 0.61 0.53 0.47 0.51 AF419049
Selaginella dregei Tetragonostachys2 Africa’ 1350 0.52 0.60 0.44 0.53 0.54 AF419055
Selaginella echinata Tetragonostachys2 Madagascar3 1350 0.51 0.59 0.44 0.51 0.51 AF419071
Selaginella eremophila Tetragonostachys2 N. America, Mexico® 1332 0.52 0.59 0.44 0.53 0.56 AF419079
Selaginella erythropus Stachygynandrum' S. America' 1272 0.50 0.62 0.47 0.41 0.42 AJ295877
Selaginella exaltata Stachygynandrum' S. & C. America' 1314 0.51 0.59 0.44 0.50 0.47 AJ010849
Selaginella extensa Tetragonostachys’ Mexico® 1026 0.52 060 046 051 0.53 AF419085
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Selaginella firmuloides Stachygynandrum' New Caledonia’ 1287 0.50 0.62 0.47 0.42 0.42 AJ295870
Selaginella flabellate Stachygynandrum' Grenada' 1296 0.50 0.61 0.47 0.42 0.43 AJ295885
Mexico to S.
Selaginella flagellata Tetragonostachys' America’ 1293 0.50 0.61 0.47 0.42 0.42 AJ295866
Selaginella fragilis Stachygynandrum' S. America' 1272 0.57 0.61 0.44 0.64 0.66 AJ295872
Selaginella frondosa Stachygynandrum' SE Asia' 1299 0.50 0.61 0.48 0.42 0.42 AJ295874
Selaginella gracillima Ericetorum' Australia, Tasmania' 1275 0.52 0.59 0.43 0.55 0.50 AJ010844
Selaginella grisea Tetragonostachys2 Stat not available 1164 0.50 0.58 0.43 0.51 0.53 AF419072
Selaginella haematodes Stachygynandrum' S. & C. America' 1281 0.50 0.62 0.47 0.42 0.44 AJ010846
Selaginella hansenii Tetragonostachys2 N. America’ 1350 0.51 0.59 0.44 0.51 0.53 AF419057
Selaginella helioclada Stachygynandrum' Madagascar’ 1272 0.51 0.59 0.45 0.48 0.49 AJ295896
Selaginella helvetica Stachygynandrum' E. Europe & N. Asia' 678 0.53 0.58 0.51 0.49 0.54 AJ295891
Selaginella imbricata Stachygynandrum' E. Africa & Arabia' 1266 0.50 0.59 0.45 0.47 0.49 AJ295897
Selaginella indica Tetragonostachys2 Stat not available 1353 0.51 0.60 0.44 0.48 0.50 AF419052
Selaginella intermedia incertae sedis SE Asia® 1380 0.50 0.61 0.47 0.42 0.50 EU086853
Selaginella kerstingii Stachygynandrum' New Guinea' 1296 0.50 0.62 0.47 0.41 0.41 AJ295881
Selaginella kraussiana Stachygynandrum' S. & E. Africa and 1293 0.52 0.60 0.44 0.54 0.52 AJ010845
widely introduced'
Selaginella landii Tetragonostachys2 Mexico’ 1323 0.52 0.59 0.43 0.53 0.56 AF419086
Selaginella lepidophylla Stachygynandrum' S. USA, C. America' 1353 0.52 0.61 0.43 0.50 0.50 AF419051
Selaginella leucobryoides Tetragonostachys2 N. America’ 1350 0.51 0.60 0.44 0.50 0.53 AF419068
Selaginella lingulata Stachygynandrum' S. & C. America' 1278 0.56 0.59 0.43 0.50 0.63 AJ295882
Selaginella longiaristata Stachygynandrum' SE Asia' 1299 0.50 0.61 0.47 0.42 0.41 AJ295873
Selaginella longipinna Stachygynandrum' Australia' 1293 0.50 0.61 0.47 0.42 0.41 AJ295860
Selaginella lyallii Stachygynandrum' Madagascar’ 1248 0.53 0.59 0.43 0.56 0.52 AJ295898
Mexico & C.
Selaginella martensii Stachygynandrum America® 1287 0.50 0.61 0.47 0.42 0.42 AJ295878
Selaginella mayeri incertae sedis SE Asia® 936 0.53 0.65 0.50 0.44 0.42 EU197125
Selaginella moellendorffii Stachygynandmm2 SE Asia® 1428 0.50 0.59 0.47 0.42 0.44 FJ755183
Selaginella moratii Stachygynandrum' Madagascar’ 1248 0.53 0.60 0.43 0.56 0.52 AJ295899
Selaginella moritziana Heterostachys' S. America' 1278 0.50 0.61 047 042 0.44 AJ010856
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Selaginella mutica Tetragonostachys2 N. America’ 1338 0.51 0.60 0.43 0.52 0.53 AF419058
Selaginella myosurus Stachygynandrum' W. tropical Africa' 818 0.51 0.60 0.43 0.50 0.50 AJ295863
Selaginella nivea Tetragonostachys2 E. Africa’® 1164 0.50 0.58 0.42 0.51 0.53 AF419073
Selaginella njamnjamensis Tetragonostachys2 Africa’ 1353 0.52 0.60 0.44 0.51 0.51 AF419074
Selaginella novae-hollandiae ~ Heterostachys' S. & C. America' 1290 0.50 0.60 0.47 0.43 0.43 AJ295865
Selaginella novae-hollandiae ~ Heterostachys' S. & C. America' 1293 0.50 0.61 0.47 0.42 0.43 AJ295883
Selaginella oregana Tetragonostachys2 N. America’ 1341 0.51 0.60 0.44 0.51 0.51 AF419066
Selaginella pallescens Stachygynandrum' S. & C. America' 1341 0.50 0.60 0.46 0.43 0.44 AF419050
Selaginella peruviana Tetragonostachys2 S. & C. America® 1323 0.52 0.59 0.43 0.53 0.56 AF419087
Selaginella pervillei Stachygynandrum' Madagascar’ 1110 0.53 0.64 0.49 0.46 0.47 AJ295901
Selaginella phillipsiana Tetragonostachys2 E. Africa’® 1341 0.52 0.60 0.44 0.52 0.54 AF419061
Selaginella pilifera Stachygynandrum' S. USA & N. Mexico' 1284 0.51 0.60 0.45 0.50 0.50 AJ295862
Selaginella plana Stachygynandrum' SE Asia, introduced 984 0.53 0.66 0.50 0.44 0.45 AJ295880
in the New World'
Selaginella polymorpha Stachygynandrum' Madagascar’ 1245 0.53 0.60 0.43 0.56 0.53 AJ295900
Selaginella pulcherrima Stachygynandrum' Mexico' 1350 0.50 0.61 0.46 0.44 0.45 AJ010847
South Africa,
Selaginella pygmaea Ericetorum' Australia' 1293 0.51 0.59 0.43 0.49 0.47 AJ295892
Selaginella radiata Heterostachys' S. America' 1228 0.50 0.61 0.46 0.43 0.45 AJ295867
Selaginella remotifolia Stachygynandrum' E. & SE Asia’ 1098 0.52 0.60 0.41 0.54 0.54 AJ295864
Selaginella roxburghii incertae sedis SE Asia’ 1245 0.50 059 047 042 0.47 EU140945
Selaginella rupestris Tetragonostachys' N. America’ 1356 0.51 0.59 0.44 0.51 0.53 AF093255
Selaginella rupincola Tetragonostachys' S. USA' 1326 0.52 0.60 0.43 0.52 0.53 AF419083
Selaginella sanguinolenta Stat not available E. Asia’ 1347 0.52 0.62 0.52 0.43 0.43 EU197124
Selaginella sartorii Tetragonostachys2 S. & C. America® 1353 0.51 0.59 0.43 0.52 0.54 AF419054
Selaginella selaginoides Selaginella' Circumboreal’ 1332 0.51 0.59 0.44 0.49 0.47 AF419048
Selaginella sericea Stachygynandrum' S. America' 1278 0.56 0.61 0.44 0.64 0.65 AJ295871
Selaginella shakotanensis Tetragonostachys2 E. Asia’ 1341 0.51 0.59 0.43 0.51 0.53 AF419059
Selaginella sibirica Tetragonostachys2 N. America (Alaska), 1266 0.52 0.59 0.43 0.52 0.55 AF419076
E. Asia’
Selaginella simplex Heterostachys' S. America' 1287 0.50 0.61 047 042 0.42 AJ295888
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Selaginella sinensis Stachygynandrum' China' 1287 0.44 0.58 0.44 0.31 0.27 AJ295868
Selaginella stauntoniana Stachygynandrum' E. Asia' 1281 0.51 0.59 0.45 0.49 0.50 AJ295869
Selaginella steyermarkii Tetragonostachys2 S. & C. America® 1347 0.52 0.60 0.45 0.51 0.53 AF419088
Selaginella suavis Stachygynandrum' S. America' 1296 0.56 0.61 0.45 0.63 0.63 AJ295886
Selaginella sulcata Stachygynandrum' S. America' 1299 0.56 0.60 0.44 0.62 0.63 AJ295887
Selaginella tamariscina Stachygynandrum' E. Asia, northern parts 1296 0.51 0.59 0.46 0.47 0.48 AJ295861

of SE Asia'

Selaginella tortipila Tetragonostachys2 N. America’ 1350 0.52 0.60 0.43 0.53 0.55 AF419081
Selaginella uliginosa Ericetorum' Australia, Tasmania' 1284 0.52 0.59 0.43 0.54 0.55 AJ010843
Selaginella umbrosa Stachygynandrum' S. America' 1284 0.50 0.61 0.47 0.42 0.43 AJ295879
Selaginella uncinata Stachygynandrum2 China, E. Asia® 1428 0.53 0.62 0.50 0.46 0.48 AB197035
Selaginella underwoodii Tetragonostachys2 N. America’ 849 0.51 0.57 0.43 0.53 0.56 AF419077
Selaginella utahensis Tetragonostachys2 N. America’ 1350 0.51 0.60 0.44 0.50 0.53 AF419067
Selaginella vardei Tetragonostachys2 China, E. Asia® 1341 0.51 0.59 0.43 0.51 0.53 AF419060
Selaginella wallacei Tetragonostachys2 N. America’ 1350 0.51 0.60 0.43 0.52 0.53 AF419065
Selaginella watsonii Tetragonostachys2 N. America’ 1350 0.51 0.60 0.43 0.51 0.54 AF419090
Selaginella weatherbiana Tetragonostachys2 N. America’ 1335 0.51 0.60 0.43 0.51 0.52 AF419075
Selaginella wightii Tetragonostachys® SE Asia® 1341 0.52 0.60 0.44 0.52 0.54 AF419062
Selaginella wildenowii Stachygynandrum' SE Asia' 756 0.54 0.66 0.50 0.45 0.46 AJ295893
Selaginella wrightii Tetragonostachys2 C. & N. America’ 1038 0.52 0.59 0.44 0.54 0.60 AF419089
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Note: GC1, GC2, and GC3 are the GC contents at first-, second-, and third-position codon sites, respectively. GC3y, 1s the proportion
of G or C nucleotides at fourfold-degenerate sites, which are third-position codon sites that can tolerate any of the four nucleotides
without altering the amino acid specified.

! This statistic came from the publication affiliated with the GenBank accession number.

? In instances where the GenBank accession number is not affiliated with a publication, information listed in the GenBank entry was
used to determine subgenus.

3 In instances where the GenBank accession number is not affiliated with a publication, Michael Hassier and Brian Swale’s Checklist
of ferns and fern allies (http://homepages.caverock.net.nz/~bj/fern/list.htm) was used to determine geographical distribution.




The Fraction of Noncoding DNA in Completely Sequenced Plastid Genomes

Taxon Genome length % Genbank accession
(nt) Noncoding number

PLASTID GENOMES

Acorus americanus 153819 42 NC 010093
Acorus calamus 153821 42 NC 007407
Adiantum capillus-veneris 150568 39 NC 004766
Aethionema cordifolium 154168 41 NC 009265
Aethionema grandiflorum 154243 41 NC 009266
Agrostis stolonifera 136584 47 NC_008591
Amborella trichopoda 162686 44 NC 005086
Aneura mirabilis 108007 46 NC 010359
Angiopteris evecta 153901 46 NC 008829
Anthoceros formosae 161162 46 NC 004543
Arabidopsis thaliana 154478 41 NC 000932
Arabis hirsuta 153689 41 NC 009268
Atropa belladonna 156687 43 NC 004561
Barbarea verna 154532 41 NC 009269
Bigelowiella natans 69166 13 NC 008408
Buxus microphylla 159010 42 NC 009599
Calycanthus floridus var. glaucus 153337 41 NC 004993
Capsella bursa-pastoris 154490 41 NC 009270
Carica papaya 160100 43 NC 010323
Ceratophyllum demersum 156252 42 NC 009962
Chaetosphaeridium globosum 131183 31 NC 004115
Chara vulgaris 184933 51 NC_008097
Chlamydomonas reinhardtii 204159 56 FJ423446

Chloranthus spicatus 157772 41 NC 009598
Chlorella vulgaris 150613 36 NC 001865
Chlorokybus atmophyticus 152254 38 NC 008822
Cicer arietinum 125319 39 NC 011163
Citrus sinensis 160129 43 NC 008334
Coffea arabica 155189 41 NC 008535
Crucihimalaya wallichii 155199 41 NC 009271
Cryptomeria japonica 131810 39 NC 010548
Cucumis sativus 155293 42 NC 007144
Cuscuta exaltata 125373 45 NC 009963
Cuscuta gronovii 86744 29 NC 009765
Cuscuta obtusiflora 85286 29 NC 009949
Cuscuta reflexa 121521 44 NC 009766
Cyanidioschyzon merolae strain 10D 149887 5 NC 004799
Cyanidium caldarium 164921 11 NC 001840
Cyanophora paradoxa 135599 20 NC 001675
Cycas taitungensis 163403 37 NC 009618
Daucus carota 155911 43 NC 008325
Dioscorea elephantipes 152609 41 NC_009601
Draba nemorosa 153289 41 NC 009272
Drimys granadensis 160604 43 NC 008456
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Eimeria tenella strain Penn State 34750 5 NC 004823
Emiliania huxleyi 105309 13 NC 007288
Epifagus virginiana 70028 41 NC 001568
Eucalyptus globulus subsp. globulus 160286 43 NC 008115
Euglena gracilis 143171 52 NC 001603
Euglena longa 73345 32 NC 002652
Glycine max 152218 41 NC_ 007942
Gossypium barbadense 160317 43 NC_ 008641
Gossypium hirsutum 160301 43 NC 007944
Gracilaria tenuistipitata var. liui 183883 16 NC 006137
Guillardia theta 121524 11 NC 000926
Guizotia abyssinica 151762 41 NC 010601
Helianthus annuus 151104 41 NC 007977
Helicosporidium sp. ex Simulium jonesii 37454 5 NC _ 008100
Heterosigma akashiwo 159370 23 NC 010772
Hordeum vulgare subsp. vulgare 136462 47 NC 008590
Huperzia lucidula 154373 45 NC_ 006861
Lllicium oligandrum 148553 44 NC 009600
Ipomoea purpurea 162046 40 NC 009808
Jasminum nudiflorum 165121 43 NC 008407
Lactuca sativa 152765 45 NC 007578
Lemna minor 165955 42 NC 010109
Lepidium virginicum 154743 41 NC 009273
Leptosira terrestris 195081 53 NC_009681
Liriodendron tulipifera 159886 44 NC 008326
Lobularia maritima 152659 40 NC 009274
Lolium perenne 135282 46 NC 009950
Lotus japonicus 150519 45 NC 002694
Manihot esculenta 161453 50 NC 010433
Marchantia polymorpha 121024 31 NC 001319
Medicago truncatula 124033 42 NC 003119
Mesostigma viride 118360 26 NC 002186
Morus indica 158484 43 NC 008359
Nandina domestica 156599 42 NC 008336
Nasturtium officinale 155105 41 NC 009275
Nephroselmis olivacea 200799 32 NC 000927
Nicotiana sylvestris 155941 38 NC 007500
Nicotiana tabacum 155943 38 NC 001879
Nicotiana tomentosiformis 155745 38 NC 007602
Nuphar advena 160866 44 NC 008788
Nymphaea alba 159930 43 NC_006050
Odontella sinensis 119704 16 NC 001713
Oedogonium cardiacum 196547 41 NC 011031
Oenothera argillicola 165055 44 NC 010358
Oenothera biennis 164807 44 NC 010361
Oenothera elata 165728 44 NC 002693
Oenothera glazioviana 165225 44 NC 010360
Oenothera parviflora 163365 44 NC 010362
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Olimarabidopsis pumila 154737 41 NC 009267
Oltmannsiellopsis viridis 151933 42 NC 008099
Oryza nivara 134494 47 NC 005973
Oryza sativa Japonica Group 134525 42 NC 001320
Ostreococcus tauri 71666 20 NC 008289
Panax ginseng 156318 42 NC 006290
Pelargonium x hortorum 217942 43 NC 008454
Phaeodactylum tricornutum 117369 12 NC 008588
Phalaenopsis aphrodite 148964 46 NC 007499
Phaseolus vulgaris 150285 40 NC 009259
Physcomitrella patens subsp. patens 122890 33 NC_005087
Pinus thunbergii 119707 31 NC 001631
Piper cenocladum 160624 46 NC 008457
Platanus occidentalis 161791 44 NC 008335
Populus alba 156505 42 NC 008235
Populus trichocarpa 157033 39 NC 009143
Porphyra purpurea 191028 15 NC 000925
Porphyra yezoensis 191952 16 NC 007932
Pseudendoclonium akinetum 195867 46 NC 008114
Psilotum nudum 138829 35 NC 003386
Ranunculus macranthus 155129 42 NC 008796
Rhodomonas salina 135854 19 NC 009573
Saccharum officinarum 141182 43 NC_ 006084
Saccharum hybrid cultivar SP-80-3280 141182 43 NC 005878
Scenedesmus obliquus 161452 39 NC _ 008101
Solanum bulbocastanum 155371 41 NC 007943
Solanum lycopersicum 155461 41 NC 007898
Solanum tuberosum 155298 42 NC 008096
Sorghum bicolor 140754 49 NC 008602
Spinacia oleracea 150725 39 NC 002202
Staurastrum punctulatum 157089 43 NC 008116
Stigeoclonium helveticum 223902 51 NC 008372
Thalassiosira pseudonana 128814 15 NC 008589
Theileria parva strain Muguga 39579 17 NC 007758
Toxoplasma gondii strain RH 34996 16 NC 001799
Trachelium caeruleum 162321 48 NC 010442
Triticum aestivum 134545 46 NC 002762
Vitis vinifera 160928 44 NC 007957
Welwitschia mirabilis 119726 34 NC 010654
Zea mays 140384 43 NC 001666
Zygnema circumcarinatum 165372 45 NC 008117
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Abstract

Background: The magnitude of noncoding DNA in organelle genomes can vary significantly; it is
argued that much of this variation is attributable to the dissemination of selfish DNA. The results
of a previous study indicate that the mitochondrial DNA (mtDNA) of the green alga Volvox carteri
abounds with palindromic repeats, which appear to be selfish elements. We became interested in
the evolution and distribution of these repeats when, during a cursory exploration of the V. carteri
nuclear DNA (nucDNA) and plastid DNA (ptDNA) sequences, we found palindromic repeats with
similar structural features to those of the mtDNA. Upon this discovery, we decided to investigate
the diversity and evolutionary implications of these palindromic elements by sequencing and
characterizing large portions of mtDNA and ptDNA and then comparing these data to the V. carteri
draft nuclear genome sequence.

Results: We sequenced 30 and 420 kilobases (kb) of the mitochondrial and plastid genomes of V.
carteri, respectively — resulting in partial assemblies of these genomes. The mitochondrial genome
is the most bloated green-algal mtDNA observed to date: ~61% of the sequence is noncoding, most
of which is comprised of short palindromic repeats spread throughout the intergenic and intronic
regions. The plastid genome is the largest (>420 kb) and most expanded (>80% noncoding) ptDNA
sequence yet discovered, with a myriad of palindromic repeats in the noncoding regions, which
have a similar size and secondary structure to those of the mtDNA. We found that |5 kb (~0.01%)
of the nuclear genome are homologous to the palindromic elements of the mtDNA, and 50 kb
(~0.05%) are homologous to those of the ptDNA.

Conclusion: Selfish elements in the form of short palindromic repeats have propagated in the V.
carteri mtDNA and ptDNA, resulting in the distension of these genomes. Copies of these same
repeats are also found in a small fraction of the nucDNA, but appear to be inert in this
compartment. We conclude that the palindromic repeats in V. carteri represent a single class of
selfish DNA and speculate that the derivation of this element involved the lateral gene transfer of
an organelle intron that first appeared in the mitochondrial genome, spreading to the ptDNA
through mitochondrion-to-plastid DNA migrations, and eventually arrived in the nucDNA through
organelle-to-nucleus DNA transfer events. The overall implications of palindromic repeats on the
evolution of chlorophyte organelle genomes are discussed.
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Background

The amount of noncoding DNA (i.e., intronic and inter-
genic DNA) in organelle genomes varies significantly.
One evolutionary lineage where the gamut of organelle-
genome compactness is particularly pronounced is the
Chlorophyta (a phylum containing most known classes of
green algae [1]) for which the noncoding-DNA contents
span from 10% (Ostreococcus tauri) to 53% (Pseudendoc-
lonium akinetum) for mitochondrial DNA (mtDNA) and
from 5% (Helicosporidium sp. ex Simulium jonesii) to 56%
(Chlamydomonas reinhardtii) for plastid DNA (ptDNA).
Although the processes influencing genome compactness
are poorly understood, it is suggested that they are associ-
ated with the proliferation of selfish DNA [2-4], which we
will define for the purpose of this study as any noncoding
DNA element with the ability to spread its sequence to
new genomic locations. Selfish DNA is ubiquitous in
eukaryotic nuclear genomes and is also present, though
less pervasive, in organelle genomes [5-7], including those
of chlorophytes [8] - and see Hurst and Werren [9] for a
review.

One proposed type of selfish DNA that is often observed
in the mitochondrial and plastid genomes of chloro-
phytes are short palindromic repeats; these repetitive ele-
ments are marked by their short length [10-100
nucleotides (nt)] and their ability to be folded into hair-
pin (i.e., stem-loop) structures. Short palindromic repeats
have been identified in the mtDNA and ptDNA from a
variety of chlorophyte taxa (for compilations see [6,10-
13]), and there are indications that the organelle genomes
of some chlorophyte species are more prone to the dis-
semination of palindromic repeats than those of other
chlorophyte species. For example, the mtDNA of P. akine-
tum, the largest chlorophyte mitochondrial genome
sequenced to date [95 kilobases (kb)], contains a series of
short palindromic repeats that have proliferated through-
out its intergenic and intronic regions [11]; moreover,
these same palindromic elements are found in the non-
coding regions of the P. akinetum ptDNA [12], indicating
that the lateral transfer of repetitive DNA between
organelle compartments is taking place - it is speculated
that this process involves the hitchhiking of repeats on
introns that migrate between the mtDNA and ptDNA
[12]. Short palindromic repeats in chlorophyte organelle
DNA, as well as adding to the amount of noncoding DNA
in a genome, have been credited for: 1) genome rearrange-
ments [10], including the fragmentation and scrambling
of ribosomal-RNA (rRNA) coding modules [14]; 2)
changes in genome conformation and chromosome
number [13,15]; and 3) having regulatory functions
[13,16].

A previous study found that the mitochondrial genome of
the multicellular, chlorophyte green alga Volvox carteri, a

http://www.biomedcentral.com/1471-2164/10/132

close relative to C. reinhardtii, is profuse with short palin-
dromic repeats [17]. By sequencing ~8 kb of mtDNA, cor-
responding to portions of cob, cox1, and their group-I
introns, and an intergenic region between nad2 and nado6,
these authors showed that at least two group-I introns and
one intergenic region of the V. carteri mitochondrial
genome contain extensive palindromic sequences. Ten
classes of short palindromic repeats, all of which share
sequence identity with one another, were discerned. Aono
et al. [17] concluded that these repetitive elements are
selfish DNA, that they are expanding the intronic and
intergenic regions of the mitochondrial genome, and that
they may have played a role in the fragmentation of rRNA-
coding modules.

In June 2007, the United States Department of Energy
Joint Genome Institute (DOE JGI) released the draft
nuclear genome sequence of V. carteri [18]. This genome
is ~140 megabases (Mb) in length [18-20], which is the
largest chlorophyte nuclear genome sequence currently
available (see [21] for a compilation), and the preliminary
annotation of this sequence suggests that it is rich in non-
coding DNA, much of which appears to be selfish [18].

Our interest regarding the evolution of selfish DNA in V.
carteri was sparked when we located short palindromic
repeats in the V. carteri draft nuclear genome sequence
that are similar to those in the mtDNA. To see if palindro-
mic repeats are also present in the V. carteri ptDNA, we
PCR amplified and sequenced an intergenic region from
the plastid genome; our analysis of this sequence con-
firmed that the ptDNA contains palindromic repeats that
have a similar size and potential secondary structure to
those in the mitochondrial compartment. We, therefore,
set out to do a detailed investigation of the palindromic
repeats in V. carteri by sequencing and characterizing large
portions of mtDNA and ptDNA and then comparing these
data to the nuclear DNA (nucDNA). Our motives for this
study are to gain insights into the role selfish DNA plays
in organelle-genome expansion and its ability to move
between genetic compartments.

Results

General features of the mitochondrial- and plastid-DNA
sequences from V. carteri

Using a long-range PCR approach in conjunction with
cloning, we sequenced from V. carteri 29,961 nt of the
mitochondrial genome and 420,650 nt of the plastid
genome; partial genetic maps of these genomes describing
the coding and noncoding regions that were sequenced
are respectively shown in Figures 1 and 2. Regions of the
V. carteri organelle DNA that were previously character-
ized (~8 kb of mtDNA and ~5 kb of ptDNA) are high-
lighted in pink on these maps. Although we attempted to
completely sequence the mitochondrial and plastid
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Figure |

Partial genetic map of the Volvox carteri mitochondrial genome compared to the complete mtDNA genetic
map of Chlamydomonas reinhardtii. Protein-coding regions are yellow and their exons are labelled with an "E" followed by
a number denoting their position within the gene. Introns and their associated open reading frames are orange. Transfer RNA-
coding regions are red; they are designated by the single-letter abbreviation of the amino acid they specify. The large-subunit
and small-subunit rRNA-coding modules are green. Arrows within the coding regions denote their transcriptional polarities.
Solid red arrows perpendicular to the genome map indicate regions of the genome assembly where sequence data is either
unreadable or lacking. The mtDNA regions that were previously sequenced and described by Aono et al. [17] are underlined in
pink on the genome map. Gray blocks highlight regions of synteny between the V. carteri and C. reinhardtii mitochondrial
genomes. Note: the optional group-Il intron in cox/ is found in the mtDNA of V. carteri strain HK10 (UTEX 1885); this intron is
absent from V. carteri strain 72-52 (UTEX 2908) — the C. reinhardtii strains in which the different introns occur are listed in [50].

genomes, presumed secondary structures in the mtDNA
and ptDNA templates likely caused many of the sequenc-
ing reactions to suddenly stop - even when using proto-
cols designed to alleviate this problem [22]. Furthermore,
the repetitive nature of the organelle genomes means that
much of the mtDNA and ptDNA sequence data are irre-
solvable using the currently available genome-assembly
software programs: many of the organelle intergenic and
intronic DNA sequences collapse into networks of spuri-
ous repetitive motifs upon assembly. Moreover, the fact
that most of the mtDNA and ptDNA intergenic regions are
much longer than a typical sequencing read (some inter-
genic regions exceed 15 kb) means that these collapsed
repeats are irresolvable. At present, the most sophisticated
assembly programs use the paired-end sequencing data
from whole-genome shotgun reads to resolve complex
repeat regions. Because there is a V. carteri nuclear genome
sequencing project [18], we have access to paired-end
sequencing reads for the mitochondrial and plastid
genomes (see Methods for details); but even with these
data, neither the assembly programs nor our own manual,
by-eye assembly methods can untangle these repeats.
Because of these difficulties, our V. carteri mitochondrial-

genome assembly, although contained in a single contig,
contains six regions where the mtDNA sequence is either
unreadable or unavailable (Figure 1), and the assembly of
the ptDNA is divided into 34 contigs (Figure 2). Neverthe-
less, we did sequence and characterize enough mtDNA
and ptDNA to confidently describe the abundance and
various types of noncoding DNA in each of these
organelle genomes.

The organelle-DNA sequences presented in this study
were validated by collecting and assembling mtDNA and
ptDNA sequence data that were generated by the DOE JGI
V. carteri nuclear genome sequencing project [18]. This
was performed by: 1) downloading DNA-sequence trace
files corresponding to the V. carteri mitochondrial and
plastid genomes; 2) assembling these trace files into con-
tigs; and 3) mapping the trace-file contigs to the V. carteri
mtDNA and ptDNA sequences produced in this study.
Ultimately, the mtDNA and ptDNA sequences coming
from the DOE JGI covered all of our self-generated V. car-
teri sequence data with >50-fold redundancy. It is impor-
tant to note that the DOE JGI data that we used to confirm
our mtDNA and ptDNA sequences came from V. carteri
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Figure 2

Partial genetic map of the Volvox carteri plastid genome compared to the complete ptDNA genetic map of
Chlamydomonas reinhardtii. Regions encoding proteins are yellow and their exons are labelled with an "E" followed by a
number signifying their order within the gene. Introns and their associated open reading frames are orange. Transfer RNA-cod-
ing regions are red; they are designated by the single-letter abbreviation of the amino acid they specify. Ribosomal RNA-coding
regions are green. The coding regions are shaped into arrows that denote their transcriptional polarities. Regions previously
described by Aono et al. [17] are underlined in pink. Gray blocks highlight regions of synteny between the V. carteri and C. rein-
hardtii plastid genomes. Note, the true order of the V. carteri contigs are unknown.
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strain HK10 (UTEX 1885), whereas the V. carteri mtDNA
and ptDNA sequences that we generated came from strain
72-52 (UTEX 2908), which is a dissociator mutant derived
from HK10 [23,24]. In all instances, the organelle DNA
sequence data coming from strain HK10 were identical to
those of strain 72-52 (i.e., no ambiguities between the
DOE JGI trace-file contigs and our sequences were
observed), with the exception of a group-I intron that is
present in the mtDNA of HK10 but absent in that of 72-
52 (see below for details).

Of the 29,961 nt of V. carteri mtDNA sequence data pre-
sented here, 18,355 nt (61%) are noncoding, which
include 7,870 nt (26%) of intronic DNA and 10,485 nt
(35%) of intergenic DNA; the remaining 11,606 nt (39%)
are comprised of 8,166 nt (27%) coding for proteins and
3,440 nt (12%) coding for structural RNAs. The intergenic
regions range from 0 to >1,400 nt in length, and, on aver-
age, are 455 nt long. The AT content of the 29,961 nt
mtDNA sequence is 66%. Our annotation of the V. carteri
mtDNA includes 7 protein-coding genes; the full suite of
rRNA-coding modules required for the formation of the
large-subunit and small-subunit rRNAs; 3 tRNA-coding
genes; and 3 introns, 2 of group-I affiliation, located in
cox1 and cob, and 1 of group-1II affiliation, located in cob
(Figure 1). Both group-I introns contain an open reading
frame (ORF) encoding a putative LAGLIDADG endonu-
clease. The sole group-II intron has an ORF for which the
deduced amino-acid sequence shows similarity to a
reverse transcriptase (Figure 1). The DOE JGI V. carteri
mtDNA sequences that we assembled (derived from V.
carteri strain HK10) have, as mentioned above, an addi-
tional group-I intron in cox1 that is not present in V. carteri
strain 72-52 (Figure 1). The coding suite that we acquired
for the V. carteri mtDNA is identical to that of the C. rein-
hardtii mitochondrial genome [16,25,26] as is the gene
order save for two rearrangements, which are outlined on
Figure 1. There are two interesting features of the V. carteri
mtDNA relative to its C. reinhardtii counterpart. First, the
V. carteri L8 IRNA-coding module harbours a 725 nt inser-
tion composed of short palindromic repeats, whereas that
of C. reinhardtii contains no repeats (Figure 3a). When the
V. carteri L8 module is folded into a putative secondary-
structure model within the context of the LSU rRNA it
contains two structural constituents: L8a and L8b (corre-
sponding to the LSU rRNA domains V and VI, respec-
tively), where the 3' end of L8a and the 5' end of L8b
border the 725 nt insertion (Figure 3b). At present, we do
not know if this insertion is removed from the primary
transcript so that separate L8a and L8b mature transcripts
are produced or if a single mature L8 transcript is gener-
ated with the insertion. The second point of interest is that
although a putative reverse transcriptase gene is found in
the mtDNA of both of V. carteri (ORF750) and C. rein-
hardtii (rtl), that of V. carteri appears to be part of a group-

http://www.biomedcentral.com/1471-2164/10/132

A L8 rRNA-coding modules

Chlamydomonas reinhardtii

0.5 kb

palindromic-
repeat elements

Volvox carteri

B Partial secondary structure of
the LSUIrRNA ()

\4‘ 3’end of L7
5’end of L8a

Domain V

3"ehd of L8b )

Domain VI

Figure 3

Schema of the L8 rRNA-coding module in the Volvox
carteri mitochondrial genome and its relationship to
that in the Chlamydomonas reinhardtii mtDNA. The
grey bars in A denote regions of sequence identity between
the L8 rRNA-coding modules of the V. carteri and C. rein-
hardtii mtDNA. B depicts the V. carteri L8 coding module in
the context of the large-subunit (LSU) rRNA secondary-
structure model; the orange arrow points to the repetitive
region separating the L8a and L8b components of the L8
module. The LSU rRNA secondary-structure model is based
on that of Boer and Gray [49].
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II intron located in cob, whereas in C. reinhardtii, rtl is a
free standing gene that is lacking an intron but speculated
to have originated from one [27,28] - see Popescu and
Lee [29] for further discussion. The deduced amino-acid
sequences of both ORF750 and rtl have a conserved
domain that resembles that of a reverse transcriptase with
group-II intron affiliation; however, the amino-acid
sequence of ORF750 also has a conserved domain with
similarity to a type-II intron maturase, while that of rtl
does not. This extra domain encoded in ORF750 also
explains why this ORF is twice the size of rtl (2,250 nt ver-
sus 1,119 nt).

In regard to the 420,650 nt of V. carteri ptDNA sequence
data that were generated, 338,557 nt (80%) are noncod-
ing, of which 16,005 nt are intronic DNA and 322,552 nt
are intergenic DNA; 77,335 nt (19%) code for proteins
and 4,758 nt (1%) code for structural RNAs. The inter-
genic regions that were sequenced range from 87 nt to
>12,444 nt in length and have an average size of 5,103 nt.
The 420 kb of ptDNA are 57% AT. Our annotation of the
ptDNA sequences includes 91 genes: 60 coding for stand-
ard plastid proteins, 27 coding for structural RNAs (23
tRNAs and 4 1RNAs), and 4 corresponding to ORFs
(ORF494, ORF2032, ycf12, ORF2828) that have been pre-
viously found in plastid genomes (Figure 2). Three group-
I introns were observed, located in chiL, psaA, and atpA;
those in the later two genes contain an ORF encoding a
putative LAGLIDAD endonuclease. Five group-II introns
were discerned, situated in psaA, cemA, psaB, atpA, and

http://www.biomedcentral.com/1471-2164/10/132

atpB; the introns of the latter two genes have an ORF for
which the inferred amino-acid sequence resembles that of
a reverse transcriptase. The group-II intron of psaA is frag-
mented into two separate modules, which is also the case
for C. reinhardtii (Figure 2). The 91 V. carteri ptDNA genes
presented here are all found in the C. reinhardtii plastid
genome with the exception of ORF494. The only apparent
homolog of ORF494 is the ribosomal operon-associated
gene (roaA) found in the Euglena gracilis plastid genome.
Note, the C. reinhardtii ptDNA encodes a further 4 tRNA-
coding and one rRNA-coding regions that we were unable
to amplify from V. carteri.

A graph comparing both the estimated sizes and the frac-
tion of noncoding nucleotides in the mitochondrial and
plastid genomes of V. carteri relative to those of the cur-
rently available complete organelle-genome sequences
from chlorophyte-, streptophyte- and other plastid-har-
bouring-taxa is shown in Figure 4 [and see Additional file
1]. Values of 30 kb and 420 kb, respectively, were chosen,
based on our sequence data, as minimum-estimate
genome sizes for the V. carteri mtDNA and ptDNA.

Short palindromic repeats in the mitochondrial and plastid
genomes of V. carteri

Scanning of the V. carteri mitochondrial- and plastid-DNA
sequences for repetitive elements lead to the identification
of a series of short palindromic repeats in both of the
organelle genomes; the consensus sequences, comple-
mentary bases, and copy numbers of the mtDNA and

Mitochondrial genomes .|»{Plastid genomes i
" . Volvox carteri _
80- L
0 VO#O){ Chlamydomonas
<« |carteri o J !
Z 5 reinhardtii
N . )
E 60- . \
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Q s
2
2 - 40-
K ® Chlorophyta
L » ot 30 -
. . P [ ]
»| <~ Chlamydomonas reinhardtii 2 ' Streptophyta
Other plastid-
10 1o harbouring taxa
100 200 300 400 500 600 700 50 100 150 200 250 300 350 400

Genome size (kilobases)

Figure 4

Fraction of noncoding DNA plotted against genome size for the available organelle genomes from strepto-
phytes, chlorophytes, and other plastid-harbouring taxa. The data points corresponding to the mtDNA and the
ptDNA of V. carteri and those of its close relative C. reinhardtii are labelled and marked with arrows on the appropriate graph.
The noncoding-DNA contents and genome sizes from which these two graphs were plotted are listed in Supplementary Table
S| [see Additional file 1]. Values of 30 kb and 420 kb, respectively, were chosen, based on our sequence data, as minimum-size-

estimates of the mitochondrial and plastid genomes.
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Repeat Sequence (5'-3")
Repeat Palindrome Size # copies # copies
Families Stem N W Stem Range(nt) (mtDNA) | (nucDNA)
Mt-typel TAGACAATA-CAGTATT TTTATGTGTAATTTTACHABBBCTAAAAT---TACACATAAA AATACTGCA-TTGTCTA | 28-72 86 85
Mt-type2 IGBAARG TGTCTRAGCATAATTTTACHENEE TAAAAT---TATGCTMAGACAACCYYACWCTTTATTGT | 24-75 20 14
Mt-type3 DATTGTMTR-STGTAATTT AGHEEBECT AAAT---TACASYA-KACAATNHMDRKATTGTTTAT | 30-74 79 90
Mt-typed ITWSGGTCTACHEBBBCTAGACCSH--Al 22-61 64 54
Mt-type5 TTCCTCTTTATTGTA----TTGTTTAGCGTHEBMNACGCTAAACAAT -~~~ - - ACAATAAAGHGGAA 8-56 64 15
Mt-type6 CCTATCTTA---TTATTGTA-T-ATTGG-GTCTAGHEBMMNC TAGACCTAATAT -~~~ ACAATAATAAGAT-AGG 11-63 10 2
Mt-type? TTAGACAATA-CAATATTGTTWATGTRKACTRTTCCATE@TGGAA-VAG-TMYACATHAACAATAYGAGATHGTCTAA | 12-77 12 13
Mt-type8 CTCT-TTATTTAAATTGTA-T-AYTKG-KTC] ACIERIAY T RACMCAGTAT-—--—- ACAATTTAAATAAAG--AG | 11-65 8 6
Mt-type9 CTGTGTTTTATCGATCTAAAACTGTTEMBBAAGAACAGTTTTAGATCGATAAAACACAG 12-59 3 il
Mt-typel0 ATTGTTCTCT---GTAGCATTAATTTGTGTCTACHIMBBCTAGACACA--AATTAATGCTATCGAGAACAAT 18-66 1 0
Figure 5

Abundance and classification of the Volvox carteri mitochondrial-DNA palindromic repeat elements. Regions of
high sequence identity among the different repeat families are shaded in blue; variable sites are orange; the loop portions of the
putative hairpin structures are shaded in red, and the stems (i.e., complementary bases) of these structures are located
beneath the black arrows. Nuclear DNA analyses were performed using the first 75 scaffolds of the V. carteri draft nuclear

genome sequence (version |) at the DOE |GI [18].

ptDNA palindromic elements are outlined in Figures 5
and 6, respectively. Although the short palindromic
repeats of the mtDNA share many of the same structural
traits as those of the ptDNA (discussed below), they differ
by >50% in sequence identity and, therefore, must be con-
sidered as distinct repeats relative to those of the plastid
genome.

The short palindromic repeats in the V. carteri mtDNA are
restricted to intergenic and intronic regions, with the
exception of the palindromic elements in the L8 rRNA-
coding module. All of the intergenic regions that measure
>50 nt in length consist predominantly of palindromic
repeats; the few intergenic regions with lengths <50 nt are
composed of non-repetitive DNA. Within the intronic
regions, the palindromic repeats are confined to the non-
OREF portions of the group-1 and group-II introns. All four
of the identified mitochondrial introns contain short pal-
indromic repeats in their non-ORF regions, including the
optional group-I intron of cox1, which was found in the
mtDNA of V. carteri strain HK10. Approximately 14,600
nt (~80%) of the 18,355 nt of noncoding mtDNA that
were sequenced are composed of short palindromic
repeats. A dotplot similarity matrix of the V. carteri
mtDNA plotted against itself, shown in Supplementary
Figure S1 [see Additional file 2], emphasizes the magni-
tude of repetitive DNA in this genome and draws atten-
tion to the high degree of sequence identity between the
different palindromic elements within and among the
various intergenic and intronic regions.

The short palindromic repeat elements identified in the V.
carteri mtDNA show >50% sequence identity with one
another and share similar structural and compositional

traits (Figure 5). The individual palindromes range from
11-77 nt in length (the average size is 50 nt) and from
71-84% in their AT content. When the palindromes are
folded into hairpin structures, the stem component of the
hairpin varies from 4-37 nt in length, and the loop por-
tion is usually 3-5 nt long and frequently has the
sequence 5'-TAAA-3' or 5'-TTTA-3' (Figure 5). In many
instances, a short palindromic repeat is found inserted
within another palindromic repeat, resulting in larger,
more elaborate repetitive elements; these larger repeats
have a maximum length of 633 nt, and, in a few cases, are
found at multiple locations in the mitochondrial genome.
For example, a 550 nt repeat sequence composed of com-
plete and incomplete short palindromic units is found in
the group-I introns of cob and cox1, in the intergenic
regions between cob and nad4, and in the group-II intron
of cob. Some of these more complex repeats can also be
folded into tRNA-like structures - as shown in Supple-
mentary Figure S2 [see Additional file 3].

Like the mitochondrial genome, the noncoding regions of
the V. carteri plastid genome abound with short palindro-
mic sequences. These palindromic elements are observed
in all of the sequenced intergenic regions that have
lengths >100 nt and in the non-ORF portions of the psaA
and atpA group-I introns. No palindromic elements are
located in the chiIL group-I intron or in any of the identi-
fied group-II introns. Overall, the short palindromic
repeats constitute ~80% (~270 kb) of the 338,557 non-
coding nucleotides in the V. carteri ptDNA. A dotplot sim-
ilarity matrix of the V. carteri plastid genome plotted
against itself (Supplementary Figure S3 [see Additional
file 4]) shows the high level of sequence identity among
the various palindromic repeats.
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Repeat Sequence (5-3")
Stem Loop Stem

Repeat Palindrome Palindrome # copies | # copies
Families [Stem--Stem] [Stem—--Stem] Size (nt)] (ptDNA) | (nucDNA),
Pt-typel | TCCCCHMBAGGGGAAC---CGAAGGGGGAAGTCATCTTCTTCTTC TCCCCIMMAGGGGA | 57 1 r
Pt-type2 TccCCiBRBGGGGAAG-—-—- AAGGGGAGTACTTCTTC! rccccllBGGGGA 48 73 6
Pt-type3 elelolel - . [cleleley.V Y Mmm— AAGGGGTTCT rccecififlcceea 40 100 12
Pt-typed plelelele  [clelele).V.NeM—- AAGGGGT! Lelelele) .. lelelele N 37 164 22
Pt-type5 TcCCCHRMEGGGGATGAACTAAAGGGGT bifolefele. . elelele).\ 42 420 42
Pt-type6 TccCClGCEECATGAACAAGARGGGGAACC-CATCCCCTTTGTTCTTCA-————————m———m == rcecciliBcecea 64 16 2
Pt-type7 TecCCllCCCCAAGAACTAAAGGGGAA——————— G T e — b elelolel . - [eleleler.N 53 73 10
Pt-type8 FGCCCIIGEEERA - - -CTARAGGGGACTCCG- ~TCCCCTTTAGT ~ ~———————————————————| bielelelel ... [clelele):\ 55 75 4
Pt-type9 TCCCCHGGGTA-GAACTAAAGGGGACA. bielelelsl ... (clelele-\ 43 23 1
Pt-typel0 | TCCCCHE@AGGGGAA---CTTTAGTTCT bielelelsl . . [clelele)-\ 39 151 16
Pt-typell | TCCCCHEMMGGEGAA---CTAAAGTTCCCCTTTAGGGAATGAACTARAGT —————————————————_| bielelell . i (clelele-\ 61 39 2
Pt-typel2 | TCCCCHEMBCCGCAA---CTAAAGT Tccccil@fcccea 36 79 3
Pt-typel3 | TCCCCHMMBGGGGAA---CTAAAGGGGATGAACTAAAGGGGACTCCGTCTTCTTTAGT —————————— Lelelelel ... (eleleler.N 69 16 0
Pt-typeld | TCCCCEEMAGGGGAA---CTAAA TGAACTAAA TGAAAACGAA GAAGA TTCCCCHRRAGGGGA 79 26 1
Pt-typel5 | TCCCCHEAGGGGAA---CTAAA ACGGAG biolelels] .. (clelele)\ 44 184 13
Pt-typel6 | TCCCCHEMMGGGGAA---CTAAAGGGGT bielelele . clelelery 39 296 26
Pt-typel7 | TCCCCHMBGGGGAA---CTAAAGGGGT GAAAACGAAGGGGAAGAAGA TrccccBBccecA 65 51 3
Pt-typel8 | TCCCCHMMBGGGGAAGA TTTGGTTCATCCCCTTTAGT -~ B, (Jolele! . . (elelelery 52 28 3
Pt-typel9 | TCCCCHEMBGGEGAAGAAGAAGAGACTTTGGTTC, bilelelele /. (elelelehy 49 82 14
Pt-type20 | TCCCCHEAGGGGAAGA TTTGGTTCA beleldlel ¥ (elelele.N 41 51 4
Pt-type21l | TCCCCHEMBGGGGAACCC TTCGGT belelele] . [clelelery 39 169 18
Pt-type22 | TCCCCHBGGGGAAGAACACA-CCCCAAAGTCTCTTCTTCT lelelelel/ ..+ (elelelel.N 55 20 4
Pt-type23 | TCCCCHMBBCCGCAAGAACA---CCCCAAAGTCTCTTCTTCT bJolelolel . - [eleleler.N 53 82 9
Pt-type24 | TCCCCHEEMEGGGGAAGAACA---CACCAAAGT leldlelel v (elelele.N 43 48 3
Pt-type25 | TCCCCHBGGGGAAGACGACATCCCCGAAGGGGGAACATCA TccccREBGGG-T 55 14 1
Pt-type26 | TCCCCHBBBGGGGATGATGTTA TcccCHERBGGGGA 36 110 4
Pt-type27 | TCCCCHEMMGGEGAAGAAGAAGAGACTTTGGG-GTGTTCT bielelelel . clelele)y 53 82 9
Pt-type28 | TCCCCHEEBGGCGAAA-————————— CTTTGGT-GTGTTCT Tcccciliilcceea 43 51 2
Pt-type29 | TCCCCHEMAGGEGAAGAAGAAGAGACTTTGGGTGTGTTCT bielelelsl . . cleleler-\ 54 56 3
Pt-type30 | TCCCCHEAGGGGACGGAG bielelelel .. [elelelehy 33 71 0
Basic Unit | TCCCCHBGGCCA 14 2650 337

Figure 6

Abundance and classification of the Volvox carteri plastid-DNA palindromic repeat elements. Regions of high
sequence identity among the different repeat families are shaded in blue; the loop portions of the putative hairpin structures
are shaded in either red or grey, and the stems (i.e., complementary bases) of these structures are located beneath the grey
arrows. Nuclear DNA analyses were performed using the first 75 scaffolds of the V. carteri draft nuclear genome sequence

(version |) at the DOE JGI [18].

In the V. carteri ptDNA, most of the short palindromic
repeats contain the sequence motif 5'-TCCCCITTAG-
GGA-3' (Figure 6). The palindromes have a size range of
14-79 nt, with an average length of 50 nt, and, when
folded into hairpin structures, their stems and loops vary
in length from 5-29 nt and 3-5 nt, respectively. In most
cases, the loops of the hairpin structures contain the
sequence 5'-TAAA-3' or 5'-TTTA-3' (Figure 6). The AT con-
tent of the ptDNA palindromes varies from 39-55%. As
observed for the mtDNA, the ptDNA palindromic ele-
ments are often found inserted into one another, the con-
sequence of which is a series of multifarious repetitive
sequences.

The short palindromic repeats of the mitochondrial and
plastid compartments have similar structural attributes: 1)
they have proliferated in intergenic regions and non-ORF
segments of introns; 2) they have an average size of 50 nt
and a maximum length of ~78 nt; and 3) the loops of their
hairpin structures are generally 3-5 nt long with the
sequence 5'-TTTA-3' or 5'-TTTA-3".

The nuclear genome of V. carteri shares sequence identity
with organelle DNA

To investigate if the short palindromic repeats in the
mtDNA and ptDNA of V. carteri are present in the
nucDNA, we analyzed the draft nuclear genome sequence
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Table I: Amount of nuclear DNA in Volvox carteri that maps to the mitochondrial and plastid genomes.

# of similarity

Avg. length of

Max similarity Cumulative Fraction of

regions? similarity region length (nt) lengths of nuclear genome
(nt) similarity
regions (nt)
Amount of Protein-coding 114 64 291 7335 6.70 x 105
nucDNA mapping genes®
to the
mitochondrial
genome
(by mtDNA
subcategory®)
Sructural-RNA 73 40 207 2969 2.70 x 105
genesd
Intronic ORFse 278 30 233 278 0.25 x 105
Intergenic and 337 38 933 14782 13.53 x 103
non-ORF intronic
regionsf
Subtotal 802 39 933 33452 30.63 x 10
Amount of Protein-coding 365 48 462 17440 15.90 x 10-5
nucDNA mapping genes®
to the plastid
genome
(by ptDNA
subcategory®)
Structural-RNA 127 31 170 4008 3.60 x 105
genesd
Intronic ORFse 31 34 154 1075 0.98 x 105
Intergenic and 927 22 3430 50631 46.36 x 105
non-ORF intronic
regionsf
Subtotal 1450 29 3430 73154 66.99 x 105
Total nucDNA mapping to organelle 2252 33 3430 106606 97.62 x 105

DNA

Note: Nuclear DNA analyses are based on the V. carteri draft nuclear genome sequence (version ) at the DOE JGI [18]. Only the first 75 scaffolds

of the nuclear-genome assembly were analyzed; approximately 78% of the V.
length is 109.2 Mb.

carteri nucDNA is contained in these 75 scaffolds and their cumulative

2 The number of distinct regions in the V. carteri nucDNA that show >90% sequence identity and at least 25 nt of aligned length to organelle DNA.

b Refers to the region of the organelle genome to which the nucDNA maps.
¢Includes all of the identified protein-coding genes.

dIncludes all of the identified tRNA- and rRNA-coding genes.

¢ Includes all of the identified group | and Il intronic-ORFs.

fIncludes all of the identified intergenic and non-ORF intronic regions.

of V. carteri at the DOE JGI [18]. Manual curation of the
V. carteri nuclear genome is still underway; therefore, only
the first 75 scaffolds of the nuclear-genome assembly were
analyzed. Approximately 78% of the V. carteri nucDNA is
contained in these 75 scaffolds, their cumulative length is
109.2 Mb, and each scaffold is at least 0.5 Mb long. The
amount of nucDNA in these 75 scaffolds that map to

mtDNA and ptDNA is described in Table 1; the approxi-
mate number of nucDNA-located organelle-like repeats is
outlined in Figures 5 and 6.

Thirty-three kilobases of nucDNA (~0.03% of the nuclear
genome) share >90% identity with mtDNA; 14.7 kb
(44%) of this shared sequence are homologous to the
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short palindromic repeats in the intergenic and non-ORF
intronic regions of the mitochondrial genome; the
remaining 10.6 kb (56%) map to the coding and intronic-
OREF portions of the mtDNA (Table 1). In the nucDNA,
802 distinct regions show homology to mtDNA; the aver-
age mapping length of these regions is 39 nt. Of the 75
nuclear scaffolds that were analyzed, all but two (scaffold
66 and 75) have at least one region that shows homology
to mtDNA.

Seventy-three kilobases of the V. carteri nucDNA (~0.07%
of the nuclear genome) share >90% identity with ptDNA;
50.6 kb (69%) of this shared sequence are homologous to
the short palindromic repeats in the intergenic and non-
ORF-intronic portions of the ptDNA, and 22.5 kb (31%)
are homologous to the coding regions and intronic ORFs
of the plastid genome (Table 1). In the nuclear genome,
1,450 different regions show homology to ptDNA, and
the average similarity length is 29 nt. All of the 75 nuclear
scaffolds that were examined have at least one region that
shows homology to ptDNA.

In total, 65.4 kb (~0.06%) of the V. carteri nuclear-
genome-sequence data that were analyzed share sequence
identity to the short palindromic repeats of the organelle
genomes. The secondary structure and general characteris-
tics of the nuclear-palindromic repeat elements are the
same as those described for the organelle palindromes in
Figures 5 and 6.

In order to place the V. carteri data described above in a
broader context, we analyzed the C. reinhardtii nuclear
genome for regions that show sequence identity to its
mtDNA and ptDNA - these results are summarized in
Supplementary Table S2 [see Additional file 5]. Only
0.007% of the C. reinhardtii nuclear genome maps to
organelle DNA (0.0035% to the mtDNA and 0.0035% to
the ptDNA), which is 10-times less than what is observed
for V. carteri (0.01%).

Discussion

Expanded architectures and the proliferation of selfish
DNA in the organelle genomes of V. carteri

The V. carteri organelle genomes are profuse with noncod-
ing DNA. Our analyses indicate that the mitochondrial
genome is >61% noncoding, which is the most expanded
chlorophyte-mtDNA sequence currently deposited in
Genbank [30] - other complete mitochondrial genome
sequences from chlorophyte are larger only because they
contain more genes. The plastid genome is the largest
(>420 kb) and most bloated (>81% noncoding) ptDNA
sequence from any taxon observed to date (Figure 4).
Heretofore, the largest documented plastid genome was
223.9 kb, belonging to the chlorophyte Stigeoclonium hel-
veticum [31]; and the plastid genome with the highest frac-
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tion of noncoding DNA was that of C. reinhardtii (56%
noncoding) [6]. At present, due to a lack of available
mtDNA and ptDNA sequence data, we do not know if
other colonial or multicellular algae in the volvocine line
of the Chlorophyceae have bloated organelle genomes as
a result of excessive noncoding DNA. Preliminary investi-
gations of the Volvox aureus mitochondrial genome indi-
cate that it harbours palindromic repeats; these repeats do
not share sequence similarity with those of the V. carteri
mtDNA [17].

The fact that short palindromic repeats respectively consti-
tute ~80% and ~75% of the mtDNA and ptDNA noncod-
ing regions suggests that these elements precipitated the
expansion of the organelle genomes. We must, therefore,
ask: how did the palindromic repeats disseminate their
sequence throughout the noncoding regions of the
organelle DNA? The processes by which this could have
occurred include transposition, retrotransposition via an
RNA intermediate, and recombination-based mecha-
nisms, such as gene conversion (for a review on the
mobility of selfish DNA see Austin and Trivers [32]); at
present, we are not partial to any one of these mecha-
nisms. It is worth noting, however, that both the mito-
chondrial and plastid genomes of V. carteri encode a
putative reverse transcriptase and a putative endonucle-
ase; the mutual association of these enzymes has been
invoked for mediating the retrotransposition of selfish
DNA. Koll et al. [33] propose that the mobility of an ultra-
short invasive element in the mtDNA of the filamentous
fungus Podospora anserina is instigated by a group-II-
intron-encoded reverse transcriptase; they also suggest
that an intron-encoded endonuclease generates the 3'-
hydroxyl required for reverse transcription. Of all the
intronic ORFs deposited in Genbank, the deduced amino-
acid sequence of ORF261 in the Volvox mtDNA shows the
greatest identity (46%; expectation values = 6 x 10-48) to
that of the coxI-intronic ORF of P. anserina. Another
intriguing observation is that the short palindromic
repeats in the V. carteri organelle and nuclear genomes are
found in both orientations on the same strand, i.e., the
same sequence can occur in the 3' to 5' and 5' to 3' direc-
tions - this is suggestive of a transposition-mediated
mechanism of mobility rather than one based on recom-
bination.

Short palindromic repeats in the three genetic
compartments of V. carteri

Short palindromic repeats are found in the three genetic
compartments of V. carteri. The palindromic elements of
the mtDNA are structurally similar but different in nucle-
otide sequence to those of the ptDNA, whereas the
nucDNA palindromes are of two types: those that map to
the mtDNA and those that map to ptDNA. These observa-
tions evoke several questions, such as are the palindromic
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repeats in the mtDNA and ptDNA related? And if so, in
what genetic compartment did they first appear? Moreo-
ver, how did the nucDNA acquire palindromes that share
sequence identity to those of the mitochondrial and plas-
tid genomes, and why are they not as abundant as those
of the organelle DNA? And finally, are the palindromic
elements indigenous to V. carteri or are they the products
of lateral gene transfer?

Although the mtDNA palindromic repeats differ in nucle-
otide sequence to the palindromes of the ptDNA, these
two groups of repeats share enough structural features to
suggest that they have descended from a common repeti-
tive element and, thus, represent a single class of selfish
DNA. For instance, in both the mitochondrial and plastid
compartments the palindromic repeats reside in identical
genomic landscapes (intergenic regions and non-ORF
portions of introns) and they also inhabit these noncod-
ing regions in similar abundances, representing ~80% of
the noncoding nucleotides in both the mitochondrial and
plastid genomes. Moreover, the mtDNA and ptDNA pal-
indromes fold into hairpin structures where the loop por-
tion is consistently 5'-TAAA-3' or 5'-ATTT-3".

The same palindromic elements that have propagated in
the V. carteri organelle DNA are also found in a small frac-
tion (~0.06%) of the nucDNA. Although these nuclear-
palindromic repeats can share up to 100% sequence iden-
tity with those of the mtDNA or ptDNA, many are degen-
erate with mismatches in the stem component of their
hairpin structures. This observation, coupled with the rel-
atively low abundance of these repeats in the nuclear
genome, leads us to suggest that the nucDNA palin-
dromes are inert, accumulating in the nucDNA through
both mitochondrial-to-nucleus and plastid-to-nucleus
DNA-transfer events - the movement of organelle DNA to
nuclear genomes is well documented [34-37]. Further evi-
dence to support this hypothesis is the fact that the pro-
posed organelle-derived palindromes are present within
the nuclear genome in the same proportions as other
genetic regions from the mitochondrial and plastid
genomes, such as coding regions (Table 1).

Two observations regarding the derivation of the short
palindromic repeats in V. carteri are worth noting. First,
the palindromic elements appear to have a strong affinity
for the non-ORF regions of organelle introns, especially
those in the mitochondrial genome. Because organelle
introns are, themselves, a type of selfish element, which
can migrate between organelle compartments, both
within a species and between unrelated species ([38,39],
and see [40] for a discussion on volvocalean ptDNA
group-I introns), it is not unreasonable to surmise that the
origin of the short palindromic repeats in V. carteri is
linked to lateral intron transfer. The second observation is
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that the short palindromic repeats have propagated in
only two of the nine introns in the V. carteri plastid
genome: the group-I introns of psaA and atpA. Why have
the other seven plastid introns (one group-I and six group-
II introns) remained inviolate from palindromic ele-
ments? The two group-I plastid introns that contain short
palindromic repeats belong to subgroup IB. Considering
that the other group-I intron in the ptDNA (that of chiL),
which is devoid of palindromes, is also of subgroup IB, it
seems unlikely that the palindromic elements are favour-
ing a certain class of intron. It is noteworthy that the chiL
group-I intron lacks a LAGLIDADG homing endonucle-
ase, whereas the group-I introns of psaA and atpA, as well
as those of the mtDNA, harbour LAGLIDADG ORFs - per-
haps, as suggested above, the mobility of the palindromic
elements is dependent on intronic endonuclease proteins.
Another possibility is that the plastid genome was seeded
with short palindromic repeats after the inception of pal-
indromic elements in the mtDNA and, therefore, the plas-
tid palindromic repeats have not had sufficient time to
spread to all of the intronic regions in the ptDNA; moreo-
ver, some of ptDNA introns may have arrived more
recently in evolutionary time than those of psaA and atpA,
and, thus, have not yet been seeded with repeats.

Short palindromic repeats and the evolution of
fragmented ribosomal-RNA-coding modules

When Aono et al. [17] first identified short palindromic
repeats in the V. carteri mitochondrial genome they pre-
dicted that these repeats would be associated with the
fragmentation of rRNA-transcripts. The mtDNA data pre-
sented here may support these predications. Our annota-
tion of the V. carteri mitochondrial genome contains eight
modules encoding the LSU rRNA, and their arrangement
within the mtDNA is identical to that of C. reinhardtii,
with the exception that the L8 module of V. carteri con-
tains a large block of palindromic repeats, whereas that of
C. reinhardtii harbours no repetitive mtDNA. At the
present time we do not know if this insertion represents a
fragmentation point within the L8 coding module that is
removed from the primary transcript or if it is maintained
as a variable region within an intact L8 transcript. We
favour the former possibility because in the latter scenario
the insertion is three-fold larger than any previously
reported variable region identified in ribosomal RNA -
based on the Comparative RNA Website [41].

Conclusion

The goal of this study was to investigate the genomic
breadth and the evolutionary implications of short palin-
dromic repeats in the organelle and nuclear genomes of V.
carteri. Our findings indicate that selfish DNA, in the form
of palindromic elements, have proliferated in the V. carteri
mtDNA and ptDNA; and although copies of this element
exist in the nuclear compartment, we suggest that they are
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inert and arrived in the nuclear genome via rare organelle-
to-nucleus DNA transfer events. We speculate that the pal-
indromic repeats in V. carteri descended from a single
invasive element, perhaps first seeded in V. carteri through
the lateral gene transfer of a mitochondrial intron, even-
tually spreading to the ptDNA through mitochondrial-to-
plastid DNA migration. Overall, the palindromic repeats
appear to be involved with the expansion of the V. carteri
organelle DNA and have potentially precipitated a gene
fragmentation event in the mitochondrial genome.

Methods

Strain and DNA extractions

The sequence data generated in this study were obtained
from the 72-52 dissociator mutant of V. carteri (UTEX
2908), which is derived from V. carteri strain HK10 (UTEX
885) [23,24]. Total genomic DNA was extracted using the
DNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA)
following manufacturer's protocol.

Amplification, cloning, and sequencing of DNA fragments
The organelle loci examined in this study were amplified
using a PCR-based approach. PCR reactions were per-
formed with the LongRange PCR Kit (Qiagen) using total
genomic DNA as the template. PCR products were cloned
using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA,
USA). Purified PCR products and isolated plasmids were
sequenced on both strands at the Macrogen Sequencing
Facility, Rockville, MD.

Assembly of the mitochondrial and plastid DNA sequences
Sequences were edited and assembled using CodonCode
Aligner Version 2.0.6 (CodonCode Corporation, Ded-
ham, MA, USA), which employs the Phred, Cross-match,
and Phrap algorithms for base calling, sequence compari-
son, and sequence assembly, respectively. Assemblies
were performed with a minimum-percent-identity score
of 98, a minimum-overlap length of 500 nt, a match score
of 1, a mismatch penalty of -2, a gap penalty of -2, and an
additional first gap penalty of -3.

Sequence confirmation

The mtDNA and ptDNA data presented in this study were
validated by collecting and assembling mitochondrial-
and plastid-genome sequences that were generated by the
V. carteri nuclear genome sequencing project [18]. These
sequences were obtained by blasting our mtDNA and
ptDNA data against the V. carteri f. nagariensis Whole
Genome Shotgun Reads Trace Archive Database at the
National Center for Biotechnological Information (NCBI)
[42]. Blast hits showing >99% similarity to our V. carteri
mtDNA and ptDNA sequences were downloaded and
assembled (using the assembly program and parameters
described above); the downloaded mitochondrial and
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plastid sequences were subsequently blasted against the V.
carteri draft nuclear genome sequence (v1.0 Repeatmas-
ked) [18] to verify that no nuclear-genome-located
mtDNA-like or ptDNA-like sequences were collected.

Analyses of repeats, introns, and intergenic regions

An initial scan for repetitive elements in the V. carteri
mtDNA and ptDNA sequence data was performed with
REPuter [43,44] using the Hamming distance option and
a minimal-repeat-size setting of 12 nt - note, forward,
reverse, complement, and reverse complement repeats
were all considered under REPuter. Further analyses of the
V. carteri organelle DNA repeats were performed in
Geneious (Biomatters LtD, Auckland, NZ) by building a
Blast databank of the mtDNA and ptDNA sequences and
then blasting these databanks with specific regions from
the mitochondrial and plastid genomes. Mfold [45] was
employed for secondary-structure analyses. The mtDNA
and ptDNA introns were detected, classified, and folded
into secondary structures using RNAweasel [46,47]. The
noncoding-DNA estimates presented for the V. carteri
organelle genomes were inferred from the average-inter-
genic-spacer sizes and intron-densities of the mtDNA and
ptDNA data that were collected. Dotplot similarity matri-
ces were plotted with JDotter [48]. The LSU rRNA second-
ary-structure model depicted in Figure 3 is based on that
of Boer and Gray [49]. The C. reinhardtii mtDNA-introns
shown in Figure 1 are described elsewhere [50].

Inspection of V. carteri nuclear DNA for organelle-like
sequences

The V. carteri nucDNA was scanned for regions of identity
to organelle DNA by blasting [51] the mtDNA and ptDNA
sequences produced in this study against the V. carteri
draft nuclear genome sequence (v1.0 Repeatmasked) [18]
using an expectation value of 1 x 10-5 and a word size of
11. Organelle-DNA sequences that mapped to the nuclear
genome with >90% identity and at least 25 nt of aligned
length were counted as hits. The same protocol employed
for V. carteri was used to scan the C. reinhardtii nucDNA
for regions that show identity to organelle sequences. The
C. reinhardtii nucDNA scaffolds (version 3.1) were down-
loaded from the DOE JGI [52].

Accession numbers

The mtDNA and ptDNA sequences generated in this study
are found in Genbank under the accession numbers
EU760701 and EU755264-EU755299, respectively.
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Intron Content of the D. salina, C. reinhardtii, and V. carteri Organelle Genomes

Numbers of introns per gene are shown in brackets; insertion sites relative to the C.

reinhardtii gene sequence are shown in red.

232

Gene D. salina C. reinhardtii V. carteri
Group-I  Group-II | Group-I  Group-II | Group-I  Group-II
MtDNA intron intron intron intron intron intron
cob (4) - (1) - (1) (1)
429, 504, 411° 411 822
756, 828
coxl (5) — (2) — 2) —
189, 384, 384", 849" 700", 1089
711, 1110,
1281
nadl (1) — — — —
600
nad?2 — — — — —
nad4 — — — — —
nad5 2) — — — —
663,252
nad6 — — — — —
rrnLl — — — — —
rrnl2 — — — — —
rrnL3 — — — — —
rrnl4 — — — — —
rrnL5 (1) — (1) — —
264 50°
rrnL6 3) — — — —
259,311,
398
rrnl7* N/A N/A (1% — —
NSh
rrnl8? N/A N/A — — —
rrnS1 — — — — —
rrnS2 2) — — — —
585, 622
rrnS3 — — — — —
rrnS4 — — — — —
A Group-I  Group-II | Group-I  Group-II | Group-I  Group-II
PN intron intron intron intron intron intron
atpA 0] — — — ) (D
492 492 756
atpB (1) — — — (1)
1443 717
atpE — — — — —
atpF — — — — —
atpH — — — — —
atpl — — — — —
ccsA — — — — — —
_ _ _ _ (1) _
cemA 351




Gene

C. reinhardtii

V. carteri

chlB
chiL

chiN
clpP
ftsH
petA
petB
petD
petG
petL
psaA

psaB

psaC
psaJ
psbA

psbB
psbC

psbD

PSbE
PSbF
psbH
psbl
psbJ
psbK
psbL
psbM
psbN
psbT
psbZ
rbeL
rpll4
rpll6
rpl2
rpl5
rpl20
pl23
rpl36
rpoA
rpoBa
rpoBb
rpoCl
rpoC2
rps2
rps3
rps4

)

276, 384,
414, 570,

900

2)
543, 882

(1)

567

“
184, 204
525,726
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(1) —

201

(1) 2)

1605 90, 270




Gene

C. reinhardtii

V. carteri

rps7
rps8
rps9
rpsll
rpsi2
rpsl4
rpsil8
rps19
rrnd
rrnL

rrnS

tufA
yefl
yef3
yef4
yefl2

(7 —
276, 1902,
1994, 2322,
2509, 2561,

2659

“ —
415, 476,
740, 881

PtDNA

intergenic °
rps3/rpoC2
rrnS/ycfl
rpl36/petB
psaJ/atpl
chlL/clpP
psbD/rps4
trnS/rpl20
atpB/ftsH
rrnS/atpH
atpE/rbel
trnl/psbH

Intron-like
sequence

(1
(1
(1
2
(1
(1
2
(1
2
2
M

Intron-like
sequence

Intron-like
sequence

Note: Intron insertion sites are shown in red (C. reinhardtii was used as the reference
genome for determining the nucleotide position of the intron insertion); dash (i.e., —)
means no introns. As there are no introns in the organelle-DNA encoded tRNAs of D.
salina, C. reinhardtii, and V. carteri only protein- and rRNA-coding genes are shown in

the table.

* The LSU rRNA-coding regions of the D. salina mitochondrial genome are fragmented
into six modules whereas those of C. reinhardtii and V. carteri are fragmented into eight

coding modules (see Figures 8.1 and 8.3 [Chapter 8] for more details).
® Denotes optional intron.

¢ Refers to intron-like sequences found in the intergenic regions of the D. salina ptDNA

(see Figure 8.2 [Chapter 8] for more details).
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