Intracellular Localization and Sequence Variation of

the Dinoflagellate Minicircle DNA

A Dissertation Submitted to
the Graduate School of Life and Environmental Sciences,
the University of Tsukuba
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy in Biological Science

Satomi1 OWARI



TABLE OF CONTENTS

F N 01 2 e SRR 1
ADDTEVIATIONS 1oeieieiiiiiiiiieeee e e et e e e e ettt e e e e e e e et e e e e e e e e e s bt raaeeeeens 4
1. General INtroduction ...........cceiiiiiiiiiiiiiiiiiiiiieiiceeeeeeeeeeeeeeeeeeeeee e 5
11 PLastid e 5
1.1.1. Plastids have originated through endosymbioses ........................... 5
1.1.2. Evolution of plastid DNA gene composition ...........ccceeeeeeeerrrvvvvnnnnn. 6
1.1.3. Maintenance of plastid DINA ..., 6
1.2, DINofIagellates ........ooovvviiiiiieeeiiieeeeceeee et 7
1.2.1. General characteristics of dinoflagellates ............ccccceeeeeiiiiniiiinnnnnnn. 7
1.2.2. Phylogenetic relationship of dinoflagellates............cccccceuvvvvvrvnnnnnnnn. 8
1.2.3. Plastid diversity of dinoflagellates............cccuvvvvvriveneeiiiiieiiiiiiiiinnnnnns 9
1.3. Minicircle DNA of dinoflagellates .......cccoeeeeiiiiiiiiiiiiiieeeeeiiiiiiiiiceeeeeee 10
1.4. Purpose of this study .....coeeeeeeeeeeeiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 12
2. Intracellular Localization of Minicircle DNA in Dinoflagellates .............. 13
P70 I s U T 16 163 2 () o KRS 13
2.2, MALETIALS ..ttt 14
2.2.1. AmpAIdinium mAasSATLII ...........cccceeeeeeeeeeviiiiieeeeeeeeeeeeicieeeeeeeeeeeeaans 14
2.2.2. Hemidinium NASULUIN ............cccuuveeeeiiieiiiiieiieeieieieeieeeeeeeeeeeeeeeeeeeeeens 15
2.3, Methods ..cooiiiiieee e 16
2.3.1. AlGAl CUILUTES ....ovvviiieee e 16
2.3.2. DNA eXtraction ...c..ccoeiiiiiiiiiiiieieeeeeiiieteeee et 17
2.3.3. Sequence analysis for H. nasutum minicircle DNASs ................... 17



2.3.4. Southern blotting to determine the structure of H. nasutum
mMINICIrcle DNAS. ... 18
2.3.5. Southern hybridization to confirm the specificity of probes for A.
massartii DNA-targeted whole-cell FISH ............ccccoooeiiiiiiiiiiiieen, 18
2.3.6. DNA-targeted whole-cell FISH of A. massartii and H. nasutum. 19
2.4, RESUIES .coiiiiiii e 21
2.4.1. Minicircle DNA sequences and minicircle size in H. nasutum..... 21

2.4.2. Localization of Amphidinium massartii minicircle DNAs by FISH

2.4.3. Localization of Hemidinium nasutum minicircle DNAs by FISH 25

2.5, DISCUSSION .iiiiiiiiiiieee et e e e e e e e e e e e e 25
2.5.1. Technique of DNA-targeted whole-cell FISH ...............c.cc.cooovnnnn... 25
2.5.2. Localization of plastid minicircle DNAS .........coovvvvvvviiiiiiiiieeieeeee, 26
2.5.3. Conclusions and future perspectives ........cccoeeeeeeeeeiiiiiiiiiieeeeeeneennnn, 27

3. Sequence Variation of the Dinoflagellate Hemidinium nasutum Minicircle

DN A ettt e e ettt e e e et e e e e et ee e e e nbteeeeeannraeeeeans 29
3.1, INtrodUCEION ...evveiiiiiiiiiee e 29
3.2. Material and Methods ...........cccceiiiiiiiiiiiiiiiiiii e 30

3.2.1. AlGal CUILUTE.....cooiiiiiiiiiieee e 30
3.2.2. DNA and RNA eXtraction .........ccccceevviieeiiniiiieeeiniieeeeeieeee e 30
3.2.3. Sequence analysis for H. nasutum minicircle DNAs ................... 31
3.3 RESUILS oo 32

1



3.3.2. Sequence variation in minicircle DNA psbA coding regions......... 33
3.3.3. DNA and cDNA sequences of the 23S rRNA coding region in H.
DASULUITL «..c.cvviiieiiieiiiiiiiieee ettt e et e e s e e e et bbb b e e e e e eeaaaans 34
3.3.4. Sequence variation in minicircle DNA 23S rRNA gene coding
TEQIOTIS ..eevvvuneeeertieeerrruieeesesteaeessstenaeesssstaeessssanaeessssnnaeessssnaesssrssnaeessssnnnnns 34

3.3.5. Sequences of the non-coding regions of H. nasutum minicircle

3.4.1. psbA coding sequences of H. nasutum minicircle DNA are highly
VATIADLE. ..ot 36
3.4.2. Difference between DNA and cDNA in the proportion of possible
functional PSHA SEQUEIICE .......covvvueeiiiiiiieeeeeeee e 37

3.4.5. Sequence variations in the DNA non-coding region of minicircle

DN A e 40

3.4.5. Conclusion and a future perspective...........cccceeeeeeeeeeeievevviiieeeeennnn. 41
4. General DISCUSSION .........uuuuiiiieeieeiieiiiieiee e e e e e eeeeeeee e e e e e e e e e et e e e eeeeeeaanes 43
ACKNOWIEAZEIMENTS ...uvvieeiiiiiieeiiiceeee e 45
REfOIENCES ..covvviiieeee e 46
11 1 o] £ USRI 61
FogUTES e 64

111



Abstract

Photosynthetic dinoflagellates are known to have various types of
plastids that have different origins and pigment compositions. The most
typical dinoflagellate plastid contains peridinin as its major xanthophyll
pigment and is a secondary plastid derived from a red alga. Interestingly, the
plastid DNA of peridinin-containing dinoflagellates had been unknown for
many years, but in 1999, approximately 2-6 kb of plasmid-like DNA
molecules, “minicircle DNAs,” each of which encoded a single plastid gene,
were reported. Thus far, minicircle DNA has been confirmed in several
marine dinoflagellates. However, despite that minicircle DNAs are known
to encode plastid genes, there has been no convincing evidence that the
minicircle DNAs are actually localized in the plastid.

The mRNA of psbA genes, which is encoded on minicircle DNAs in
Symbiodinium, has been found in the plastids of this species (Takishita et al.
2003), although it has not been directly proven that minicircle DNA itself is
localized in the plastid. On the other hand, it has also been reported that
minicircle DNA in Ceratium is localized in the nucleus (Laatsch et al. 2004).
Thus, clarifying the localization of minicircle DNA encoding plastid genes of
dinoflagellates is a very important issue, and accordingly, one of the
purposes of this study was to provide direct evidence for the subcellular
localization of minicircle DNAs.

To accomplish this, I selected a marine dinoflagellate, Amphidinium

massartii, and a freshwater species, Hemidinium nasutum. 1 performed



whole-cell fluorescence in situ hybridization (FISH) and used fluorescence
microscopy and confocal laser microscopy to visualize the localization of the
minicircle DNAs. I observed intracellular localization of the minicircle DNA
probes (psbA, core sequence) and found that the minicircle DNA signals of
psbA and the core sequence were scattered in the region of plastid
autofluorescence and at the periphery of this region, but was not observed in
the cell nucleus. From these results, it was strongly suggested that
minicircle DNA was localized in the plastid.

In this study, I demonstrated the localization of minicircle DNA in the
plastids of two species from distant dinoflagellate lineages. Thus, when
considered in conjunction with indirect evidences of previous studies, it was
clear that minicircle DNA was localized in the plastids of many dinoflagellate
lineages. This supports the hypothesis that minicircle DNAs have evolved
through fragmentation of the plastid genome. In addition, since the
minicircle DNA signals of A. massartii and H. nasutum were scattered in the
plastid, it was implied that minicircle DNA forms nucleoid-like structures in
the plastid.

In addition, the localization study also indicated that there were many
“aberrant” copies among the minicircle DNA sequences of H. nasutum. Thus,
the secondary objective of the study was to clarify the extent of minicircle
DNA sequence variation in H. nasutum. The partial sequences of the psbA
and 23S rRNA coding regions were amplified using genomic PCR and
RT-PCR, and non-coding sequences were amplified using genomic PCR. The

mutation types of both genes included base substitutions and



insertions/deletions, which were similar to those reported as “aberrant” in
previous studies, although the variant frequency was very high, and there
were no identical sequences among them, except for several psbA cDNA
sequences. As for the psbA cDNA sequences, three sequences were identical
and the remaining eight were unique. The percentage of variants containing
frameshift mutations was also very high, comprising 95 percent of DNA
sequences and 64 percent of cDNA sequences.

For H. nasutum, in which minicircle DNA with the coding and
non-coding regions had not been reported, the large number of sequence
variations indicated that frequent base substitution or recombination must
occur and that the DNA repair mechanism was not functioning properly.
Furthermore, it was interesting that the percentage of psbA DNA sequences
containing frameshift mutations was higher than that of psbA cDNA.
Whether some mechanism to select or repair exists at the transcription or
translational level is one of the interesting research themes that will be
explored in future.

In this study, the plastid localization of dinoflagellate minicircle DNA
was demonstrated for the first time. As such, the result is significant and
contributes to the current understanding of dinoflagellate cells. In addition,
the minicircle DNA sequences from H. nasutum revealed that the
maintenance system for minicircle DNA is relatively unstable. Thus, the
fragile maintenance system of minicircle DNA might have driven the losses

and replacements of plastids within various dinoflagellate lineages.
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1. General Introduction

1.1. Plastids
1.1.1. Plastids have originated through endosymbioses

Plastids are organelles that are responsible for performing many
important functions in plant and algal cells, including photosynthesis and
the synthesis of fatty acids, amino acids, and photosynthetic pigments
(Sandelius & Aronsson 2009). The plastids initially originated from a single
endosymbiotic cyanobacterium that was incorporated into a eukaryotic host
cell (Reyes-Prieto et al. 2007; Gould et al. 2008) and gave rise to the “primary
plastids.” The primary plastids are surrounded by two bounding membranes
and are only found in three lineages: the glaucophytes, the red algae, and the
clade containing green algae and land plants (Keeling 2010).

The plastids of other photosynthetic eukaryotes originated from a
subsequent evolutionary process called secondary endosymbiosis, in which a
primary algal cell was engulfed by another eukaryotic cell and incorporated
into it as an organelle (Delwiche 1999; McFadden 2001; Archibald & Keeling
2002; Stoebe & Maier 2002; Palmer 2003; Keeling 2004; Archibald 2005;
Gould et al. 2008), giving rise to “secondary plastids.” The plastids in most
algal lineages can be attributed to this process. The chlorarachniophytes and
euglenophytes, for example, are known to have acquired their plastids from
green algae, and the haptophytes, cryptomonads, heterokonts,
dinoflagellates and apicomplexans have acquired their plastids from a red

alga (Sanchez-Puerta et al. 2007; Keeling 2010).



1.1.2. Evolution of plastid DNA gene composition

As a result of plastid acquisition through endosymbiosis, the genome
of the endosymbiotic cyanobacterium has been drastically reduced and has
evolved into plastid DNA, which is wusually circular and encodes
approximately 100-200 genes for plastid proteins and ribosomal RNAs
(rRNAs) (Palmer 1990; Reith & Munholland 1993; Simpson & Stern 2002;
Ohta et al. 2003). The cyanobacterium genes that are no longer found in the
plastid DNA are thought to have been lost or transferred to the nucleus
(Stoebe & Kowallik 1999).

Indeed, most of the original plastid genes have moved to the host’s
nuclear genome in a process known as Endosymbiotic Gene Transfer
(Archibald 2015; Timmis et al. 2004). Although many plastid genes have
been transferred, some are specific to their respective lineages and universal
plastid genes are also found (Green 2011). The functions of these shared
genes are thought to be related to hydrophobicity (Adams & Palmer 2003) or
redox control (Allen 2003). In addition, since the regular function of plastids
is maintained with genes encoded by both plastid and nuclear genomes,

complicated control systems are needed (Wise & Hoober 2007).

1.1.3. Maintenance of plastid DNA
Plastid DNA is relatively well conserved with respect to sequence and
gene content (Palmer 1990) and, as such, is widely used for phylogenetic

studies (Soltis et al. 1999). Notably, this conservation is maintained in spite



of constant DNA damage from radiation and exposure to the toxic reactive
oxygen species produced by photosynthesis. This is because plastid DNA 1is
maintained by the plastid DNA replication/recombination/repair (DNA-RRR)
pathways (Day & Madesis 2007).

Plastid DNAs are associated with various proteins and form
DNA-protein complexes, termed plastid nucleoids, which are also important
to maintenance plastid DNAs (Sakai et al. 2004). These complexes contribute
to the enzyme location, such as enzyme of DNA repair, DNA replication,
recombination, transcription, and post-transcriptional control of gene

expression (Krupinska et al. 2013).

1.2. Dinoflagellates
1.2.1. General characteristics of dinoflagellates

Dinoflagellates are unicellular protists that are characterized by a
unique cell covering and two flagella that arise from the side and lie in
surface grooves. Underneath their cell membranes are flattened vesicles
(amphiesmal vesicles), which are filled with cellulose and form fortified
thecal plates in the majority of lineages (thecate species) but are void of
cellulose in other lineages (athecate or “naked” species). In addition, the cells
contain a huge nucleus, called a dinokaryon, which contains the haploid
nuclear genome that can be as large as 400 pg (cf. 3 pg in humans; Spector et
al. 1981) and contains multiple copies of many genes (Shoguchi et al. 2013).
The chromosomes of dinoflagellate genomes are also permanently condensed

(Spector 1984) and do not use histones or form nucleosomes to package their



DNA (Gornik et al. 2012).

Approximately 4000 species, assigned to more than 550 genera, have
been described, of which one half of the species and nearly three-quarters of
the genera are known from the fossil record (Taylor 1990). The fossil species
are known to have lived in marine environments, and their cysts are
extremely resistant and can be preserved in ancient sediments, where they
are of value in paleoecological studies (Fensome et al. 1999; Lee 2008).
Alternatively, some of the living species are famous for causing “red tides,”
which can cause severe damage to fisheries, including aquaculture
industries, and can also cause fish and shellfish poisoning. However, in
comparison to marine species, the ecological and biological significance of
freshwater species are poorly understood.

Of the living species, half have plastids and perform photosynthesis,
although many of them also require other nutrients. Typical dinoflagellate
plastids are derived from a red alga; however, several species have plastids
derived from other algae, such as cryptomonads, haptophytes, diatoms, and
green algae. The members that comprise other half of the dinoflagellate
species have no plastid and are heterotrophic.

In addition, the morphology and lifestyles of dinoflagellates are
known to be diverse (Taylor et al. 2007); some lineages are known to have

evolved as parasites or mutualistic endosymbionts (zooxanthellae).

1.2.2. Phylogenetic relationship of dinoflagellates

Dinoflagellates are included in the infrakingdom Alveolata, along



with the apicomplexans and ciliates, based on an ultrastructural
characteristics, molecular phylogenetic studies, and the presence of
membranous sacs called alveolae (or amphiesmal vesicles in dinoflagellates)
just beneath the cell membrane (Cavalier-Smith 1993, Gajadhar et al. 1991,
Gould et al. 2008b, Wolters 1991). However, the phylogenetic relationships
among orders within the dinoflagellates has remained unsettled due to the
lack of statistical support for the phylogenetic backbone (Saldarriaga et al.
2004; Zhang et al. 2007), especially when relying on rapidly evolving plastid
DNA (Zhang et al. 2000; Bachvaroff et al. 2006).

A few studies have provided morphological and ecological evidence
that support phylogenetic relationships within the dinoflagellates (Moestrup
and Daugbjerg 2007; Orr et al. 2012; Ramiro et al. 2007). Orr et al. (2012),
for example, suggested that the thecate dinoflagellates originated from a
single common origin, while Ramiro et al. (2007) noticed that freshwater
species clustered into several monophyletic groups and that most freshwater
species are not closely related to marine species. Thus, it became apparent
that the marine-freshwater boundary has acted as a barrier to dinoflagellate

diversification (Logares et al. 2007).

1.2.3. Plastid diversity of dinoflagellates

Most photosynthetic dinoflagellates possess peridinin-type plastids
that originated from a red alga. Peridinin is a photosynthetic pigment
unique to the dinoflagellates; however, a few dinoflagellate species have

different types of plastids that seem to have originated from cryptomonads



(Schnepf & Elbra'chter 1984), haptophytes (Tengs et al. 2000), diatoms
(Dodge & Crawford 1969; Chesnick et al. 1997), and green algae (Watanabe
et al. 1990). Those plastids are thought to have replaced the peridinin type
plastid.

The half dinoflagellates species have no plastid and are heterotrophic.
It 1s also believed that these dinoflagellates possessed peridinin-type plastids

originally and lost the plastids (Puerta et al. 2006).

1.3. Minicircle DNA of dinoflagellates

In the peridinin-containing dinoflagellates examined so far, some
plastid proteins and rRNAs are encoded on small circular DNA molecules,
called minicircle DNAs (Zhang et al. 1999). The first minicircle DNA
molecules were reported from a peridinin-containing dinoflagellate,
Heterocapsa triquetra (Zhang et al. 1999). Since then, minicircle DNAs have
been reported in several dinoflagellate genera, including Heterocapsa (Zhang
et al. 2002), Amphidinium (Barbook & Howe 2000; Hiller 2001; Zhang et al.
2002), Protoceratium (Zhang et al. 2002), Symbiodinium (Moore et al. 2003),
Ceratium (Laatsch et al. 2004), Adenoides (Nelson & Green 2005), and
Alexandrium (Iida et al. 2009, 2010). Furthermore, no conventional plastid
DNA has been reported from these dinoflagellates, despite the observation
that a peridinin-containing species, Lingulodinium polyedrum (= Gonyaulax
polyedra), seems to carry approximately 50—150 kb of circular DNA
molecules that encode plastid genes (Wang & Morse 2006).

In contrast to conventional plastid DNA, dinoflagellate minicircle

10



DNAs are 2-6 kb circular DNA molecules, each of which is composed of
unique non-coding region(s) and coding region(s) that encode single genes (or
occasionally two or three genes) usually found in plastid DNA (Zhang et al.
1999; Barbrook & Howe 2000). So far, only about a dozen genes have been
1dentified in minicircle DNA. Of these, all of can be found in the DNA of
normal photosynthetic plastids (Bachvaroff et al. 2004) and encode for
various proteins, including subunits of the two photosystems, the cytochrome
b6f complex, the ATP synthase complex, rRNAs, and a small number of
tRNAs (Howe et al. 2008; Mungpakdee et al. 2014). The most well-studied
genes are pshA and the 23S rRNA gene (Howe et al. 2008). However, many
other plastid genes have been shown to be encoded by the cell nuclear genome
(Howe et al. 2008; Green 2011). Thus, peridinin-type plastids are thought to
be particularly dependent on the expression of nuclear genes for their
function (Dorrell & Howe 2015).

The non-coding regions of minicircle DNAs are also known to contain
one or more core sequences, which are almost identical among the same-gene
minicircle DNAs within species or cultured strains, but are almost entirely
different between them (Zhang et al. 1999, 2002; Barbook & Howe 2000;
Barbrook et al. 2001; Hiller 2001; Nelson & Green 2005). Thus, the core
regions have been speculated to function as non-canonical promoters (Zhang
et al. 2002; Moore et al. 2003; Howe et al. 2008; Nisbet et al. 2008) or
replication origins (Zhang et al. 2002) or to anchor minicircle DNAs to the

plastid membranes (Howe et al. 2008).
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1.4. Purpose of this study

In a review of dinoflagellate minicircle DNAs, Howe et al. (2008)
stated that the primary outstanding questions were “to settle the location of
the minicircle DNAs, and to determine whether there is indeed an additional
DNA species in the dinoflagellate chloroplast.” It is, indeed, very important
to understand the precise subcellular localization of minicircleDNAs to know
how they evolved and how the genetic system for minicircle DNA functions in
dinoflagellate cells.

Accordingly, the primary objective of this study was to directly
demonstrate the subcellular localization of minicircle DNA. To confirm the
result in multiple species, I selected two distantly related species of
peridinin-containing dinoflagellates: the marine Amphidinium massartii and
the freshwater Hemidinium nasutum. Then, using fluorescence in situ
hybridization (FISH), I was able to demonstrate that the minicircle DNAs
were indeed present in the plastids.

During the course of the above investigation, I also observed
unexpected sequence variation among copies of psbA-coding minicircle DNAs
in H. nasutum. Because this curious observation could provide clues toward
understanding the maintenance and evolutionary mechanisms of minicircle
DNA sequences, the second objective of this study was to determine the
extent of sequence variation in the minicircle DNA of H. nasutum and to
obtain further insights regarding the diversity of minicircle DNA.
Accordingly, I sampled many copies of psbA and the 23S rRNA gene in the

minicircle DNA of H. nasutum to assess the variation in their sequences.
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2. Intracellular Localization of Minicircle

DNA 1n Dinoflagellates

2.1. Introduction

The minicircle DNAs of peridinin-containing dinoflagellates are
plasmid-type DNAs that encode plastid genes but are structurally different
from conventional known plastid DNA. Although minicircle DNAs have been
sequenced from several peridinin-containing dinoflagellates, the subcellular
localization of the molecules is still controversial, as no direct evidence for
plastid localization of minicircle DNAs has been provided.

Several lines of indirect evidence have implied that minicircle DNAs
are present in plastids. Sequence analyses, for example, have failed to
recover targeting sequences, which would be necessary to deliver the gene
products to the plastids if the minicircle DNAs were localized elsewhere
(Howe et al. 2008). In addition, the mRNAs of pshA were detected in plastids
of a dinoflagellate, Symbiodinium sp., using in situ hybridization (Takishita
et al. 2003), and in Amphidinium carterae and L. polyedrum, PsbA protein
synthesis was shown to be inhibited by chloramphenicol, which is known to
block protein synthesis in the plastids of other organisms (Wang et al. 2005).
On the other hand, Laatsch et al. (2004) suggested that minicircle DNAs are
localized outside the plastids of Ceratium horridum on the basis of cell
fractionation, Southern blotting, and in situ hybridization.

Because the subcellular localization of minicircle DNAs 1is

13



fundamental for understanding the origin and evolution of minicircle DNA
and for studying the function and maintenance of minicircle DNAs, this
thesis chapter is focused on determining the precise subcellular localization
of dinoflagellate minicircle DNA. To accomplish this, I selected two suitable
species of dinoflagellates, Amphidinium massartii and Hemidinium
nasutum, which are distantly related, and performed DNA-targeted

whole-cell fluorescence in situ hybridization (FISH) with specific probes.

2.2. Materials

Two dinoflagellate species, Amphidinium massartii and Hemidinium
nasutum, were chosen because they were considered to be suitable for
investigating the localization of minicircle DNA (see species descriptions
below). Selection of these species also seemed reasonable, based on a variety
of dinoflagellate phylogenetic trees that have divided the photosynthetic
dinoflagellates into two main clades: the Amphidinium clade and a second
clade, which includes the other genera (Moestrup and Daugbjerg, 2007; Orr

et al. 2012). Therefore, I selected one species from each group.

2.2.1. Amphidinium massartii

Members of the marine genus Amphidinium are suitable for cell
staining and 1n situ hybridization because their athecate cells allow buffers,
dyes, and probes to permeate easily into their cells, and their flat cell shape
allows the cells to attach to glass slides with a greater amount of surface area.

Additionally, Amphidinium species are easily grown in culture and exhibit

14



high growth rates.

In terms of minicircle DNAs, Amphidinium carterae is one of the
most studied peridinin-containing dinoflagellates, and many minicircle DNA
sequences have been reported from this species (Howe et al. 2008). However,
the species also has a highly reticulate plastid (Murray et al. 2004), which
would inhibit the determination of minicircle DNA localization under a
fluorescent microscope. Therefore, the present study uses Amphidinium
massartii, which is the closest relative to A. carterae and contains a large
central plastid with radially-arranged, thick lobes (Murray et al. 2004) that
should aid in microscopic observation.

In addition, two complete minicircle DNA sequences have been
sequenced from A. massartii (TM16): one encodes psbA and the other
encodes 23S rRNA gene (Hayashi 2005). The pshA minicircle DNA was
determined to be 3569 bp long, with a coding sequence of 1023 bp, and the
23S rRNA gene minicircle DNA was determined to 3922 bp long, although
the exact region of the gene could not be determined, much like the 23S
rRNA in the minicircle DNAs of other dinoflagellates. A 198-bp core region
was also identified by comparing the non-coding regions of the two minicircle
DNA sequences and was determined to be identical between them (Hayashi

2005).

2.2.2. Hemidinium nasutum
I chose Hemidinium nasutum as a representative of the

non-Amphidinium clade. H. nasutum is also suitable for cell staining for the
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same reasons as A. massartii. The cells of H. nasutum are also big (20-30
pm), athecate, and flat, and the thick lobes of the plastids are arranged
parallel to the longitudinal axis, which was assumed would facilitate
microscopic observation. In addition, H. nasutum lives in fresh water
environments, and the minicircle DNAs of fresh water species have not been
studied. In a preliminary experiment, I found that A. nasutum contained

peridinin as a photosynthetic pigment (data not shown).

2.3. Methods
2.3.1. Algal cultures

A culture of the dinoflagellate Amphidinium massartii (TM16), which
was originally established from a sample collected at Shirahama Beach
(Wakayama prefecture, Japan) by Dr. M. Tamura (currently at Okinawa
Institute of Science and Technology Graduate University, Japan), was kindly
provided by Dr. T. Horiguchi (Hokkaido University, Japan). The alga was
cultured in Daigo IMK medium (Wako Pure Chemical, Osaka, Japan) under
50 pmol°m2-s! with a 14 h light/10 h dark cycle.

A cultured strain of the dinoflagellate Hemidinium nasutum
(NIES471) was obtained from the National Institute for Environmental
Studies, Japan. The alga was cultured in AF6/2 medium (AF6 medium [Kato
1982] diluted with distilled water to one-half) under 50 pmol*m 2+s! with a

14 h light/10 h dark cycle.
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2.3.2. DNA extraction

A well-grown culture that was near the stationary phase was used
for DNA extraction because the minicircle DNA copy number was expected to
be high (Koumandou & Howe 2007). DNA extraction was performed
according to the standard phenol extraction method of Koumandou and
Howe (2007), with slight modifications. Briefly, cells were collected using
centrifugation at 2500 X g for 5 min at 4 °C and then resuspended in TEN
buffer (20 mM Tris-HCl, 0.5 mM EDTA, 0.1 M NaCl, pH 8) with 1% (w/v)
sodium dodecyl sulfate and 500 u g*mL! Proteinase K. The mixture was
incubated for 1 h at 50 °C. Then the DNA was extracted using the phenol
extraction method, precipitated using ethanol, and finally, dissolved in

distilled water.

2.3.3. Sequence analysis for H. nasutum minicircle DNAs

To obtain sequences of psbA and the 23S rRNA gene in H. nasutum, 1
used degenerate primers (Table 2.1) that were designed on the basis of
dinoflagellate psbA and 23S rRNA gene sequences obtained from the NCBI
public database. Polymerase chain reaction (PCR) amplification was
performed using Ex taq polymerase (Takara Bio, Shiga, Japan) with the
following conditions: 94 °C for 2 min; followed by 35 cycles of 94 °C for 30 s,
43 °C for 30 s, and 72 °C for 3 min; and a final extension at 72 °C for 7 min.
Each amplified product was cloned into the pGEM T-easy Vector (Promega,
Madison, WI, US) and sequenced using a Genetic Analyzer 3100 (Applied

Biosystems, Foster City, CA, USA) and a Big Dye Terminator v3.1 Cycle
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Sequencing Kit (Applied Biosystems).

To obtain full-length minicircle DNA sequences, outward-facing psbA
and 23S rRNA gene primers (Table 2.1) were constructed on the basis of the
obtained sequences (see above). PCR amplification was performed as
described above with each annealing temperature shown in Table 2.1.

Sequencing was performed as described above.

2.3.4. Southern blotting to determine the structure of H. nasutum minicircle
DNAs

Genomic DNA of H. nasutum was electrophoresed on a 1% agarose
gel in TAE buffer and neutral transferred to a Hybond-N+ nylon membrane
(GE Healthcare GE Healthcare Bioscience, Piscataway, NJ, USA) by
capillary blotting, according to the manufacturer’s instructions.

Probes for the nuclear-encoded 28S rRNA gene, minicircle-encoded
psbA, and the minicircle-encoded 23S rRNA gene were prepared using PCR
from the plasmid clone with specific primers for each gene and subsequent
gel purification (Table 2.1). Alk Phos Direct (GE healthcare, Piscataway, Nd,
USA) was used for probe labeling and hybridization, and an LAS-1000
imaging system (Fujifilm, Tokyo, Japan) was used for fluorescence signal

detection, according to the manufacturer’s instructions.

2.3.5. Southern hybridization to confirm the specificity of probes for A.

massartii DNA-targeted whole-cell FISH

Digoxigenin-labeled DNA probes for the nuclear-encoded 28S rRNA
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gene, minicircle-encoded psbA and the core sequence were prepared from the
plasmid clones using DNA-specific primers (Table 2.1) and a PCR DIG Probe
Synthesis Kit (Roche Diagnostics, Mannheim, Germany), according to the
manufacturer’s instructions. For a negative control, human tissue-type
plasminogen activator (£P4) probe was amplified using the control plasmid
and primers from the kit.

For southern blotting, genomic DNA of A. massartii was
electrophoresed on a 1% agarose gel in TAE buffer and neutral transferred to
a Hybond-N+ nylon membrane (GE Healthcare) by capillary blotting,
according to the manufacturer’s instructions. Each of the probes was then
hybridized and detected using a DIG Nucleic Acid Detection Kit (Roche

Diagnostics), according to the manufacturer’s instructions.

2.3.6. DNA-targeted whole-cell FISH of A. massartii and H. nasutum

Algal cells were collected using low-speed centrifugation (500 X g,
20 °C for 5 min) and fixed with 3% paraformaldehyde in PHEM-NaCl buffer
(60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 6.9, 3%
NaClD for 15 min on ice. To dehydrate the cells and diminish chlorophyll
autofluorescence in moderation, the cells were subject to an ethanol series of
35%, 70%, 85%, and 85% for 5 min each on ice, after which the cells were
rehydrated using an ethanol series of 70% and 35% for 5 min each on ice and
twice in 2x SSC (300 mM NaCl, 30 mM trisodium citrate, pH 7.0) for 5 min
at room temperature. After rehydration, the cells were treated with 100

pgemL1 RNase A (Roche Diagnostics), settled onto coverslips coated with
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0.1% (w/v) poly-L-lysine solution (Wako Pure Chemical), and incubated for 2
h at 37 °C in a moist chamber. The cells were permeated 3 times with PBS-T
(0.2% [v/v] Tween-20 in PBS [13 mM NaCl, 7 mM NasHPO4, 3 mM NaH.PO4,
pH 7.2]) for 5 min at room temperature and overnight at 4 °C. Then the cells
were washed 3 times in 2X SSC at room temperature.

For hybridization, the cells were incubated in a hybridization buffer
(50% deionized formamide, 2x SSC, 50 mM sodium phosphate; pH 7) for 1.5
h at 37 °C in a moist chamber. After removing the buffer, fresh hybridization
buffer that contained 10% dextran sulfate and denatured DIG-labeled DNA
probe (1% [v/v], prepared as described above) was applied to the cells on each
coverslip. Next, the coverslips on a glass slide were each covered with
another coverslip to prevent evaporation the probe, incubated for 7 min at
85 °C, and then incubated overnight at 37 °C for hybridization. Hybridized
cells were washed 3 times in 2X SSC containing 50% formamide for 5 min at
45 °C and then 3 times in 2X SSC for 5 min at room temperature to remove
unhybridized DNA probe.

For detection, the cells were treated with blocking buffer (Roche
Diagnostics) for 1 h at room temperature and then incubated with an
anti-Digoxigenin antibody produced in a mouse (11333062910, 1:125 dilution
in blocking buffer; Roche Diagnostics, Mannheim, Germany) for 1 h at 37 °C
in a moist chamber. The cells were then washed with PBS-T, treated with an
anti-mouse IgG antibody conjugated with fluorescein isothiocyanate (F0257,
1:50 dilution in blocking buffer; SIGMA Aldrich, St. Louis, MO, USA), and

washed again with PBS-T. The immunostained cells were mounted with
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Slow-Fade anti-fade reagent (Molecular Probes, Eugene, OR, USA) that
contained 0.5 pgemL! 4’  6-diamidino-2-phenylindole dihydrochloride
(DAPI). The samples were observed under a DMRD epifluorescence
microscope (Leica Microsystem, Wetzlar, Germany) equipped with a DP71
CCD camera (OLYMPUS, Tokyo, Japan). Images for the samples treated
with the minicircle-encoded 23S rRNA gene, minicircle DNA psbA, minicircle
DNA core sequence, and £PA probes were taken with the same exposure
conditions (ISO 800), whereas those treated with the nuclear-encoded 28S
rRNA gene probe were captured with a less sensitive exposure condition
(ISO 400).

To identify the localization in detail, the samples of A. massartii were
also observed under a LSM 710 confocal laser-scanning microscope (Carl

Zeiss, Jena, Germany) using the Zen software.

2.4. Results
2.4.1. Minicircle DNA sequences and minicircle DNA size in H. nasutum

I performed PCR using degenerate primers for psbA and the 23S
rRNA gene and sequenced the coding regions of each gene from five clones of
each. Each cloned sequence was unique, with different base substitutions
and/or insertions/deletions (psbA: Figure 3.1, #01-04, 09; 23S rRNA gene:
Figure 3.2, #01-05).

If a gene is encoded within a minicircle DNA molecule, non-coding
regions can be acquired using outward-facing primer sets. Hayashi (2005),

for example, designed a primer set that was named “the outward primer set
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for non-coding regions.” One of the primers, DinopabAF20, was designed to
bind 100 bp downstream of Hayashi’s partial psbA sequences, and another,
DinopabAR20, was designed to bind 109 bp upstream of the partial psbA
sequences. Similarly, I designed the primers HN23sFlo and HN23sR1o to
bind at locations 76 bp downstream and 84 bp downstream of the 23S rRNA
partial gene sequences, respectively.

Using outward-facing primers, I was also able to amplify and
sequence several non-coding regions, suggesting that the genes were encoded
in minicircle DNA molecules. The size of the psbA minicircle DNA was about
2000 bp, and the size of the 23SrRNA minicircle DNA was about 2500 bp. In
addition, I obtained two sequences for psbA and the 23S rRNA gene, each,
and found that the sequences were not identical (psbA: Figure 3.3, #61pA,
62pA; 23S rRNA gene: Figure 3.3, #64rR, 65rR). There was also sequence
variation in the areas where the sequences from the coding and non-coding regions
overlapped However, the results suggested that the plastid genes of H.
nasutum were encoded in DNA molecules with minicircle DNA structures, as
has been observed in other peridinin-containing dinoflagellates.

I also conducted rough estimates of the sizes of the psbA and 23S
rRNA gene minicircle DNAs using genomic Southern blotting analyses with
probes for partial psbA and 23S rRNA gene sequences, of which the lengths
were 404 bp and 374 bp, respectively. For a positive control, I used a nuclear
28S rRNA gene probe that gave a signal for the broad mass of nuclear
genomic DNA observed at high molecular weight (Figure 2.1, lane 3). The

psbA probe showed a strong broad band that ranged from 1500 bp to 2800 bp
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(Figure 2.1, lane 1), and the 23S rRNA gene probe showed two broad bands
that ranged from 1900 bp to 2100 bp and from 3000 bp to 3600 bp (Figure 2.1,
lane 2). No high molecular weight signal was detected for either gene, and
genomic Southern blotting analysis also suggested that the psbA and the 23S
rRNA gene were encoded in minicircle DNAs. The broad bands are probably
indicative of a mixture of linear monomers and relaxed monomeric circles,
and many other types of variation are also possible in the same-gene
minicircle DNAs. In chapter 3, I analyzed the sequence variation of H.

nasutum minicircle DNA in detail.

2.4.2. Localization of Amphidinium massartii minicircle DNAs by FISH

To determine the localization of minicircle DNAs in the cell, I chose
932 bp of psbA and 169 bp of the minicircle DNA core region sequence of A.
massartii to use as specific probes. I also constructed a nuclear-encoded 28S
rRNA gene-specific probe (700 bp) to use as a positive control and a tPA
human gene-specific probe (169 bp) to use as a negative control, and the
specificity of each probe was confirmed using total genome Southern blotting
(Figure 2.2).

When tested, the nuclear 28S rRNA gene probe gave a strong signal
for the broad mass of nuclear genomic DNA at high molecular weight (Figure
2.2, lane 2). The pshA probe showed a weak band at about 3.5 kb and a
strong band at about 5 kb (Figure 2.2, lane 3), which probably correspond to
linear monomers and relaxed monomeric circles, respectively. The other

minicircle-specific probe, the core region probe, gave a weak band at about 3
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kb and several strong bands at about 4 kb, 5 kb, and 6 kb (Figure 2.4, lane 4).
Thus, the probes constructed to detect the nuclear-encoded 28S rRNA gene,
minicircle-encoded psbA, and minicircle DNA core region were sufficient to
1dentify specific bands able to detect specific loci in A. massartii. In contrast,
no signal was detected from the £PA probe, indicating that it was suitable to
use as a negative control (lane 1 in Figure 2.2).

Using these probes, I employed FISH analysis on A. massartii cells.
The tPA probe (negative control) was unable to detect any signal (Figure
2.3a), whereas the nuclear 28S rRNA gene probe (positive control) detected a
signal, which appeared as a bright spot near the edge of the nucleus (Figure
2.3D).

Epifluorescence microscopy revealed that the probe for pshbA (Figure
2.3c) was localized in spots that were scattered within the region of
chlorophyll autofluorescence. The probe for the core region produced similar
spotted signals, as well as clusters of signals with variable size and intensity
throughout the region of chlorophyll autofluorescence (Figure 2.3d). None of
the signals overlapped with DAPI staining, which was used to stain the
nucleus, although a few spots of minicircle DNA signal were also observed in
the area of pyrenoid, which is a dark area with no chlorophyll
autofluorescence near the center of the cell (Figure 2.3c, d).

FISH observations using a confocal laser-scanning microscope
enabled us to identify the localization of minicircle DNA in further detail.
The core probe produced spotted signals that were actually located along the

outer edge of the autofluorescence, between thylakoids and the cytoplasm or
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pyrenoids (Figure 2.4), indicating that minicircle DNA was present at the
periphery of the plastid. Similar results were obtained with the psbA probe

(data not shown).

2.4.3. Localization of Hemidinium nasutum minicircle DNAs by FISH

To determine the localization of minicircle DNAs in the cells of H.
nasutum, I chose 404 bp of the H. nasutum psbA sequence to use as a specific
probe. I also constructed a nuclear-encoded 28S rRNA gene-specific probe
(314 bp) as a positive control. Using these probes, I employed FISH analysis
on H. nasutum cells, using the psbA gene as a minicircle DNA probe, the 28S
rRNA gene as a positive control, and the £PA human gene as a negative
control.

The tPA probe (negative control) did not give any signal (Figure 2.5a),
whereas the nuclear 28S rRNA gene probe (positive control) produced a
signal that appeared as a bright spot near the edge of the nucleus (Figure
2.5b). Epifluorescence microscopy revealed that the psbA probe (Figure 2.5¢)
was localized along the outer edge of the region of chlorophyll
autofluorescence, between thylakoids and the cytoplasm, again indicating
that the minicircle DNA was present at the periphery of the plastid. None of

the signals overlapped with the DAPI staining.

2.5. Discussion

2.5.1. Technique of DNA-targeted whole-cell FISH

Using FISH and minicircle DNA-specific probes produced distinct
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spotted signals within the A. massartii plastid. These signals are not likely
to have been nonspecific signals or artifacts, since the probes were highly
specific, as was confirmed using total-genome Southern blotting. In addition,
my in situ hybridization procedure worked well for A. massartii cells, as
indicated by the positive and negative control probes (Figure 2.3a). In fact,
the single dot signal that was observed at the periphery of the nucleus when
using the positive control (the nuclear 28S rRNA gene probe) was the
expected positive result, since the same 28S rRNA gene localization was also
shown using FISH in another dinoflagellate, Prorocentrum micans (Geraud
et al. 1991). Therefore, we concluded that the FISH results obtained using
minicircle DNA-specific probes reliably indicated the localization of

minicircle DNAs in A. massartii cells.

2.5.2. Localization of plastid minicircle DNAs

FISH observations with both epifluorescence and confocal
laser-scanning microscopy indicated a spotted distribution of minicircle
DNAs throughout the plastids. However, confocal laser-scanning microscopy
further revealed that the spots of minicircle DNAs were actually present at
the periphery of the plastids. This distribution pattern also indicates that
the copies of minicircle DNAs are not evenly distributed, but rather form
nucleoid-like aggregations in the plastids that may even be anchored to the
plastid envelope.

The present study provides the first direct evidence for plastid

localization of minicircle DNAs in two different lineages of
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peridinin-containing dinoflagellates: A. massartii and H. nasutum. With
several circumstantial lines of evidence suggesting that the plastid
localization of minicircle DNAs occurs in wide-range of dinoflagellate
lineages, the fragmentation of plastid DNA into minicircle DNAs would had
to have occurred within the plastid in the peridinin-containing dinoflagellate
lineage. However, we still cannot rule out the possibility that minicircle
DNAs are present in the nucleus of C. horridum (Laatsch et al. 2004), since

the species was not used in the present study.

2.5.3. Conclusions and future perspectives

The plastid localization of dinoflagellate minicircle DNAs was
directly demonstrated in the present study for the first time, and the results
of the study suggest that minicircle DNAs are likely to have evolved from a
conventional plastid DNA. Accordingly, it is now reasonable to investigate
minicircle DNA in the context of “molecular evolution of the plastid DNA.”.
Thus, the present study has opened a door for progress in understanding the
evolution and cell biology of dinoflagellate plastids.

However, from the results of this study, it remains unclear how copies
of minicircle DNA are packed into the aggregations or how the aggregations
are anchored to the envelope membrane. In higher plant plastids, the
DNA-binding PEND protein is known to be involved in anchoring plastid
DNA to the plastid envelope (Sato et al. 1998; Sato & Ohta 2001). Thus, it
would be interesting to investigate whether any DNA-binding protein like

PEND is found in peridinin-type plastids and also whether the core region or
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stem-loop structures of the non-coding sequences are involved.
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3. Sequence Variation of the Dinoflagellate

Hemidinium nasutum Minicircle DNA

3.1. Introduction

In previous reports on dinoflagellate minicircle DNAs, the sequences
of minicircle DNA coding regions have usually been observed to be identical
within cultured strains. For example, only one sequence has been reported
for the psbA minicircle DNA of Heterocapsa triquetra (CCMP 449), H.
pyemaea (CCMP 1490), H. niei (CCMP 447), H. rotundata NEPCC D680), P
reticulatum (NEPCC D535), Amphidinium carterae (CCMP 1314), A.
operculatum (CCAP 1102/6), Adenoides eludens (NEPCC D683), and A.
massartii (TM16) (Zhang et al. 1999, 2002; Barbrook & Howe 2000; Hayashi
2005; Nelson & Green 2005). However, several sequence variations have also
been reported.

In the 23S rRNA gene minicircle DNAs of H. triquetra and
Symbiodinium species, for example, 25—300 bp deletions in coding regions
have been reported (Zhang et al. 1999; Santos et al. 2002, 2003; Barbrook et
al. 2006), and in the psbA and psbD minicircle DNAs of Alexandrium species,
variant minicircle DNAs with ~100 bp insertions/deletions in coding regions
have also been found (Iida et al. 2009, 2010). Furthermore, several “jumbled”
minicircle DNAs, which encode more than two imperfect genes, (Zhang et al.
2001) and “empty” minicircle DNAs, which contain short (<300 bp) segments
of genes or no gene segments, (Barbrook et al. 2001; Hiller 2001; Green 2004;

Barbrook et al. 2006) have also been reported. These “aberrant” minicircle
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DNAs, however, are usually minorities compared to “normal” minicircle
DNAs (Howe et al. 2008).

In the previous chapter, the comparison of cloned partial minicircle
DNA sequences revealed that H. nasutum psbA and 23S rRNA genes
contained extensive insertions/deletions and base substitutions, suggesting
that there may be huge sequence variation among the minicircle DNAs of the
species. I surmised that, by sequencing addition clones, I would likely
identify additional sequence variants of both psbA and 23S rRNA gene
minicircle DNAs, and I also hoped to identify which sequence represented
the “normal” minicircle DNA sequence for each gene. Therefore, the purpose
of this study was to determine the extent of variation in the DNA sequences

of the psbA and 23S rRNA gene minicircle DNAs in H. nasutum.

3.2. Material and Methods
3.2.1. Algal culture

A cultured strain of the dinoflagellate Hemidinium nasutum
(NIES471) was obtained from the National Institute for Environmental
Studies, Japan. The alga was cultured in AF6/2 medium (Kato 1982) under

50 pmol° m2-s! with a 14 h light/10 h dark cycle.

3.2.2. DNA and RNA extraction
A well-grown culture that was near the stationary phase was used for
DNA extraction, because the copy number of minicircle DNA was expected to

be high (Koumandou & Howe 2007). DNA extraction was performed

30



according to the standard phenol extraction method of Koumandou and
Howe (2007), with slight modifications. Briefly, cells were collected using
centrifugation at 2500 X g for 5 min at 4 °C and then re-suspended in TEN
buffer (20 mM Tris-HCl, 0.5 mM EDTA, 0.1 M NaCl, pH 8) with 1% (w/v)
sodium dodecyl sulfate and 500 u g*mL~1 Proteinase K. The mixture was
incubated for 1 h at 50 °C. Then the DNA was extracted using the phenol
extraction method, precipitated using ethanol, and finally, dissolved in
distilled water.

Total RNA was extracted using the RNeasy Plast Mini Kit (QIAGEN,
Tokyo, Japan), according to the manufacturer’s instructions. The obtained
total RNA was used for reverse transcription (RT) PCR assays.
Complementary DNA (cDNA) was amplified using a SuperScript III
First-Strand System (Thermo Fisher Scientific Inc. Wilmington, DE, USA)

with random primers, following the manufacturer’s procedure.

3.2.3. Sequence analysis for H. nasutum minicircle DNAs

To obtain sequences of psbA and the 23S rRNA gene in H. nasutum, 1
used degenerate primers (Table 3.1) designed on the basis of dinoflagellate
psbA and 23S rRNA gene sequences obtained from the NCBI public database.
PCR amplification was performed using Ex taq polymerase (Takara Bio,
Shiga, Japan) with the following conditions: 94 °C for 2 min; followed by 35
cycles of 94 °C for 30 s, 43 °C for 30 s, and 72°C for 3 min; and a final
extension at 72 °C for 7 min. Each amplified product was cloned into the

pGEM T-easy Vector (Promega, Madison, WI, US) and sequenced using a
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Genetic Analyzer 3100 (Applied Biosystems, Foster City, CA, USA) and a Big
Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA, USA). To obtain full-length minicircle DNA sequences, outward-facing
primers were made on the basis of the obtained psbA and 23S rRNA gene
sequences (Table 3.1). PCR amplification was performed as described above
with each annealing temperature shown in Table 3.1. Sequencing was
performed as described above.

The psbA cDNA fragments were amplified using PCR with the cDNA
made as described above. PCR amplification was performed as described
above with each annealing temperature shown in Table 3.1. Sequencing
was performed as described above.

Alignments were performed using MEGA 6.0 (Tamura et al. 2013).

3.3. Results
3.3.1. DNA and cDNA sequences of the psbA coding region in H. nasutum
For the psbA coding region of H. nasutum, 55 and 11 partial
sequences were amplified using genomic PCR and RT-PCR, respectively. Of
the 55 sequences obtained using the genomic PCR, 16 and 7 sequences were
obtained with an inward-facing degenerated primer set (DinopsbhAF1i,
DinopshAR1i) (Table 3.1) and an outward-facing degenerated primer set
(DinopsbAF20, DinopsbAR20) (Table 3.1), respectively, and were used to
develop outward-facing primers. Based on the alignment of these 23

sequences, outward-facing primers, which included two forward primers

(HN psbAF2, HNpsbAF3) and one reverse primer (HNpsbAR2) (Table 3.1),
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were designed to amplify nearly whole lengths of the minicircle DNA
molecules in a single PCR. Twelve of the 55 sequences were obtained using
one outward-facing primer set (HNpsbAF2, HNpsbAR2) (Table 3.1),
although two of the sequences #20 and #21) were truncated because only a
single strand was sequenced, and the other 20 sequences were obtained
using the second specific primer set (HNpsbhAF3, HNpsbAR2) (Table 3.1),
although sequence #40 was truncated because only a single strand was
sequenced.

In the 55 psbA coding sequences, no identical sequence was found;
each sequence had at least one unique base substitution or insertion/deletion
(Figure 3.1). In addition, only two of the 55 sequences #9 and #18, 3.6%)
appeared to encode functional amino acid sequences, and both of those were
only partial sequences. All other sequences contained at least one frameshift
mutation.

In contrast, only 11 ¢cDNA sequences were obtained using RT-PCR
with a psbA primer set (HN psbAF4, HNpsbAR3) (Table 3.1). Three of the 11
sequences (#81, #88, and #90) were identical, whereas the other 8 sequences
were unique. Of the 11 sequences, four #S81, #82, #88, and #90, 36.4%)
appeared to encode the functional PsbA amino acid sequences, and the others

had at least one frameshift mutation (Figure 3.1).

3.3.2. Sequence variation in minicircle DNA psbA coding regions
Within an alignment of 66 DNA and cDNA sequences, many base

substitutions and insertions/deletions were observed (Figure 3.1). The
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mutations were not evenly distributed, and 15 wvariable regions were
observed to contain more mutations than the other regions. Other mutations
that were observed outside of these variable regions seemed to be distributed
randomly in the alignment (Fig 3.1). In the alignment, sequences that share
the same variation state were different among sites (Fig. 3.1), suggesting
that the distribution of variation exhibits a mosaic pattern among the copies

of same-gene minicircle DNAs H. nasutum.

3.3.3. DNA and cDNA sequences of the 23S rRNA coding region in H.
nasutum

For the 23S rRNA gene coding region, 17 and 5 partial sequences
were amplified using genomic PCR and RT-PCR, respectively. Of the 17
sequences obtained using genomic PCR, 10 and 7 sequences were obtained
with an inward-facing degenerated primer set (Dino23SF1, Dino23SR1i)
(Table 3.1) and an outward-facing specific primer set (HN23SF1lo,
HN23SR1o) (Table 3.1), respectively, and, the five cDNA sequences were
obtained using RT-PCR and an inward-facing specific primer set (HN23SF2,
HN23SR2) (Table 3.1). In addition, among 17 DNA sequences and 5 cDNA
sequences, no identical sequences were found; each sequence had at least one

unique base substitution or insertion/deletion (Figure 3.2).

3.3.4. Sequence variation in minicircle DNA 23S rRNA gene coding regions

Within an alignment of the 22 DNA and ¢cDNA sequences, many base
substitutions and insertions/deletions were observed, and no identical

sequences were found, as was observed for the psbA variants. However, in
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contrast to the psbA alignment, variations in the 23S rRNA gene alignment
appeared to be distributed randomly. In addition, 11 variable regions were
identified, and In the sequence alignment, sequences that share the same
variation state were different among sites, as was observed in the variation

of psbA coding region sequences.

3.3.5. Sequences of the non-coding regions of H. nasutum minicircle DNAs

For the non-coding regions of H. nasutum minicircle DNAs, 8
sequences were amplified using genomic PCR. Of the 8 sequences, 2
sequences (Figure 3.3, pA #51 and pA #54) were obtained with an
outward-facing degenerated primer set of pshbA (DinopsbAF2o,
DinopsbAR20) (Table 3.1). One sequence (Figure 3.3 pA#18+) was obtained
with the specific primer set of psbA (HNpshAF2, HNpsbAR2) (Table 3.1),
which was expected to encode a functional protein, and the remaining
sequences (Figure 3.3, rR, #01, 02, 03, 05, and 07) were obtained with an
outward-facing specific primer set of the 23S rRNA gene (HN23SFlo,
HN23SR10) (Table 3.1).

The sequences of non-coding regions from both pshbA and 23S rRNA
gene minicircle DNAs were all unique, in agreement with results for the
pshbA and 23S rRNA coding regions (Figure 3.2). Total lengths varied from
1656 bp to 2186 bp, and a shared core sequence of approximately 150 bp was
identified. Interestingly, the non-coding regions other than the core sequence
(non-core non-coding regions) exhibited sequence variation that was

different from those seen in the coding region and the core sequence. Almost

35



the entire sequence of the non-core non-coding regions consisted of ~15 bp
repeats. Sequence variations were also observed in the core regions, and the

core sequence also exhibited a stem-loop structure of 128 bp.

3.4. Discussion
3.4.1. psbA coding sequences of H. nasutum minicircle DNA are highly
variable.

Minicircle DNAs have been reported for 16 dinoflagellate species
(Zhang et al. 1999, 2002; Barbrook & Howe 2000; Moore et al. 2003; Laatsch
et al. 2004; Hayashi 2005; Nelson & Green 2005; Barbrook et al. 2006b). In
many of these species, only a single sequence of minicircle DNA for each gene
has been reported, and no sequence variation has been observed (Howe et al.
2008). There are a few reports of so-called “aberrant” minicircle DNAs, which
encode no gene or only a small fragment of a gene (Zhang et al. 1999, 2001;
Barbrook et al. 2001; Hiller 2001; Green 2004; Nisbet et al. 2004; Barbrook
et al. 2006), and several sequence variations have also been reported in the
dinoflagellate Alexandrium tamarense (Iida et al. 2009; Iida et al. 2010).

In one strain of A. tamarense (OFAT0105-8), about half of the pshA
minicircle DNAs had abnormal sequences, in which a fragment of psbA was
missing from the coding region but was present in the non-coding region,
probably without losing the genetic information for psbA (Iida et al. 2009). In
addition, Iida et al. (2009) obtained 35 complete psbA sequences from A.
tamarense and found that the sequences could be classified as either normal

psbA sequences or one of four variant type sequences that had frameshifts
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mutations, whereas sequences of the non-coding region were categorized into
8 types. However, in A. tamarense, the percentage of the variant minicircle
DNAs were low (48%), when compared with the percentage of “normal”
minicircle DNAs (52%) (Iida et al. 2009), as has been reported in other
species (Howe et al. 2008).

In contrast, the proportion of variant minicircle DNA sequences in H.
nasutum was surprisingly high, with at least 96% of the 55 psbA sequences
encoding non-functional proteins. This high percentage of sequence variation
suggests that a high level of misreplication occurs during the minicircle DNA
replication of H. nasutum and that the restoration system of minicircle
DNAs might be weak or even absent. Thus, even though the proportion of
functional genes appears to be very low, it is a mystery how H. nasutum

maintains any functional plastid genes at all.

3.4.2. Difference between DNA and cDNA in the proportion of possible
functional psbA sequence

This study showed that the minicircle DNA sequences of H. nasutum
were highly variable and that the majority of the minicircle DNA coding
sequences contained frameshift mutations. It was, therefore, difficult to
determine which DNA and cDNA sequences represented the “normal”
minicircle DNA sequence. The proportion of psbA DNA sequences with
frameshift mutations was higher than those of psbA cDNA sequences, of
which 4 of 11 sequences (36%) encoded functional proteins. In addition, 3 of

the 4 functional cDNA sequences were identical, implying that not all of the
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minicircle DNA psbA genes were transcribed or that some of the transcripts
were corrected at the mRNA level. Since the same large deletions,
frameshifts, and variation patterns were found in both DNA and cDNA
sequences, it 1s unlikely that the abnormal genes were omitted from
transcription, and it appears that there is no mechanism for selecting
“normal” genes at the transcription level.

One possible explanation for the difference in the proportion of
“functional” sequences the DNA and cDNA is that because of the high
mutation rate, the regulatory mechanisms of sequence transcription are also
likely to malfunction in some minicircle DNA copies and the proportion of
abnormal sequence transcription is reduced. Although mutation occurs
equally in the DNA of all minicircle DNAs, if the proportion of abnormal
genes was very high, like in the case of psbA in H. nasutum, abnormal genes
would have a greater probability of acquiring mutations in their regulatory
regions.

Another possibility is the presence of RNA editing. In a previous
study on the variant minicircle DNAs of A. tamarense, a possible case of
RNA editing was reported (Iida et al. 2009). The results of the present study
cannot rule out the possibility that an RNA editing system also restores the
genetic information of minicircle DNAs in H. nasutum, but there is also no

concrete evidence.

3.4.3 Recombination may play a role in creating sequence variation

It has been reported that “aberrant” minicircle DNAs are created
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from minicircle DNAs with normal genes via replication slippage (Zhang et
al. 2001; Santos et al. 2002; Iida et al. 2009, 2010) and recombination (Zhang
et al. 1999, 2001; Barbrook et al. 2001; Hiller 2001; Nisbet et al. 2004; Iida et
al. 2009, 2010). In H. nasutum, the distribution of sequence variation in the
alignment appears to be mosaic, in that one sequence mutation (base
substitution, insertion/deletion, etc.) in a sequence is shared by several
minicircle DNA copies, whereas another sequence mutation in the same
sequence 1s exclusively shared by different copies. I presume that this
situation could result from frequent recombination.

In the alignment of H. nasutum psbA coding region sequences, |
identified 15 variable regions, in which many mutations were accumulated
in short site reagion. Accordingly, I wondered whether these variable regions
corresponded to regions that were less important for the function of the PsbA
protein. The PsbA protein 1is structurally well conserved within
cyanobacteria and all photosynthetic eukaryotes (Golden 2004), especially in
regards to hydropathy profiles (Iida et al. 2008). In my preliminary
comparison between the 15 variable regions in the psbA sequences and the
hydrophobic regions of the PsbA protein, no specific relationship was found.
Therefore, it is possible that no functional constraint is involved in creating
those variable regions in the psbA gene sequences of H. nasutum and that
those variable regions may just be the vicinity of recombination borders.
However, further investigation is needed to determine why those variable

regions are present.
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All of the 23S rRNA gene coding sequences amplified from DNA and
cDNA were unique, and I could not discern which sequence was the
functional version, since the gene is not a protein-coding gene. However, as
in the psbA coding sequences, I also identified several variable regions in the
23S rRNA gene sequences. For a ribosomal RNA, secondary structure (base
pairs, double-helices, loop, bulges, and single strands) is important for
function (Petrov et al. 2013). By comparing the sequences with an alignment
of Escherichia coli 23S rRNA sequences (Petrov et al. 2013), I found that the
variable regions of H. nasutum 23S rRNA gene sequences seemed to have no

relation to the secondary structure.

3.4.5. Sequence variations in the DNA non-coding region of minicircle DNA

Like the coding region of psbA minicircle DNA, the three non-coding
region sequences of psbA minicircle DNAs and five non-coding region
sequences of 23S rRNA gene minicircle DNAs were all unique. Nucleotide
substitutions and short insertions/deletions are also found in the “core
sequence,” which is usually identical among the minicircle DNAs of
individual strains (Zhang et al. 1999, 2002; Barbrook & Howe 2000; Hayashi
2005; Nelson & Green 2005). The high variability of minicircle DNA
sequences in H. nasutum is, therefore, not restricted to coding regions, but is
characteristic of the whole minicircle DNA molecule.

In addition, the results revealed that the non-coding regions of H.
nasutum minicircle DNA contained many short tandem repeat sequences,

which could be grouped into three types (TCGGTGCTGTTTCAT, TTTCAGGTTTG,
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and GGCATATTCTTATT), and that the repeats were present throughout the
whole non-coding region, except for the “core” sequences. The presence of the
repeat sequences in the non-coding regions of minicircle DNA has also been
reported from two dinoflagellate species: A. tamarense (Iida et al. 2009) and
Symbiodinium sp. (Moore et al. 2003). However, those repeat sequences were
different from those in H. nasutum. In A. tamarense, for example, only a few
large (~400 bp) tandem repeats were reported in the “non-core non-coding”
region, and in Symbiodinium sp., many inverted repeats were found in
“non-core non-coding” region. It is strange that the minicircle DNA
non-coding sequences of different species exhibit different modes of repeat
sequence variation, such as many short tandem repeats, a few long tandem
repeats, and many short inverted repeats. This makes me wonder whether
the mechanisms involved in the evolution of “non-core non-coding” regions of
minicircle DNA is different among species. In addition, there was no short
tandem repeat observed in the “non-core non-coding” region in H. nasutum
like in those of other species, which further supports the idea that different
modes of evolution would have worked between the core and “non-core

non-coding” regions within single minicircle DNA molecules.

3.4.5. Conclusion and a future perspective

The minicircle DNA sequence analysis of H. nasutum has provided
an opportunity to capture new characteristics of the minicircle DNA of
dinoflagellates. The existence of extensive sequence variation implies that

base substitution and recombination occur often in the minicircle DNA of H.
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nasutum and that the DNA repair and decomposition mechanisms may not
function normally. In the future, it will be interesting to explore how H.

nasutum maintains the function of its plastid.

42



4. General Discussion

The location of dinoflagellate minicircle DNAs has been controversial,
even though they are known to encode plastid genes (Takishita et al. 2003;
Laatsch et al. 2004). This has made it difficult to understand the
maintenance and function of the peridinin-containing plastids of
dinoflagellates cells (Howe et al. 2008) and the evolution of minicircle DNA
in the dinoflagellate lineage (Howe et al. 2008). In the present study, I have
demonstrated, for the first time, that the minicircle DNA of dinoflagellates is
localized in the plastids. Now 1t is reasonable to hypothesize that the
minicircle DNA has evolved from a canonical plastid DNA, as Howe et al.
(2008) presumed, since it has been known that the plastids of
peridinin-containing dinoflagellates originated from a red algal
endosymbiont (Keeling 2010).

It appears that at least ten genes are maintained in the form of
minicircle DNAs in dinoflagellates, so the control systems for the minicircle
DNA, such as replication, repair, degradation, and gene expression, must
also have been maintained. Although previous studies have provided limited
information regarding the replication and transcription of minicircle DNA
(Leung & Wong 2009; Dang & Green 2010; Barbrook et al. 2012), unknown
maintenance mechanisms that are different from those in the ordinary
plastids may exist and elucidating such mechanisms will be important for
understanding the maintenance of functional peridinin-containing plastids

in dinoflagellate cells.
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Considering the maintenance of minicircle DNA in plastids, the great
diversity of minicircle DNA sequences in H. nasutum, which has been
uncovered by the present study, is puzzling. My data showed that in A.
nasutum, most of the “coding” sequences of psbA and other minicircle DNA
copies were non-functional, due to the accumulation of mutations. Thus, it is
very strange that H. nasutum is able to maintain such healthy-looking
plastids, although the further confirmation of plastid activity is needed. One
possibility is that H. nasutum has evolved a novel means of maintaining its
plastids without the involvement of minicircle DNA, so that the functional
constraint on minicircle DNAs has loosened. This makes us to be curious to
know the maintenance system of minicircle DNA in H. nasutum.

Another possibility is that the maintenance system for dinoflagellate
minicircle DNAs is unstable and that, in H. nasutum, the system is now
breaking down. In such a scenario, the high sequence variation observed in
H. nasutum minicircle DNAs would indicate an intermediate state in the
process of losing the function of minicircle DNAs and possibly the plastid
itself. This could also provide an explanation for the fact that many
dinoflagellate lineages appear to have lost or replaced their plastids (Keeling
2010). Thus, the fragile maintenance system of minicircle DNA might have
driven the loss and replacement of plastids in a variety of dinoflagellate

lineages.
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Table 2.1. Primers used in this study

Annealing
Primer Name Primer Sequence (5" -3" ) Application

Tempreture

Primers for acquisition psbhA sequences

DinopsbAF1it YTWTAYATHGGWTGGTTYGG degenerate psbA inward forward 43 °C
DinopsbAR1it TCRTGCATWACYTCNATNCC degenerate psbA inward reverse 43 °C
DinopabAF20t TGGCCWGTWATHGGWATHTGG degenerate psbA outward forward 43 °C
DinopabAR20f  CKRATWCCATCDATATCDACTG degenerate psbA outward reverse 43 °C
Dino23SF1if TMRTRTTYATCAASCGACTGT degenerate 23S rRNA gene inward forward 64 °C
Dino23SR1it AAGCCGACATCGAGGTGCMAA degenerate 23S rRNA gene inward reverse 64 °C
HN23SF1o TTACTGCAGGGATAACAGGCT 23S rRNA gene outward forward 50 °C
HN23SR1o AATACTGGTCACATCTCAGTTC 23S rRNA gene outward reverse 50 °C

Primers for probe synthesis for H. nasutum

HNIlsuF1 CTGGCGATGAGGGATGAACCTA
28-1483R+t GCTACTACCACCAAGATCTGC

HNpsbAF1 AGCTGCAGTCGCTTATATTGCAGC
HNpsbAR1 CACTGATTCCAAGTGGCATACCATC
HN23SF2 CCTGTGAAGCTTTATAGGCAATGAGAGTA
HN23SR2 AAGCCGACATCGAGGTGCCAA

Primers for probe synthesis for A. massartii

AMlsuF1 GCACCAGCAACCAACTGATC
28-1483R+ GCTACTACCACCAAGATCTGC
AMpsbAR1 GCACGGTTGAGGATATCAGC
AMpsbAF1 TGGGGTTCTTTCGTTCAAAC
AMcoreF1 GGAAATAACCCCTAGACTTTAACGG
AMCcoreR1 TAGTTTAACGTCATTGCGGACCAGA

nuclear LSU rRNA gene forward

nuclear LSU rRNA gene reverse

minicircle psbA coding region forward
minicircle pshA coding region reverse
minicircle 23S rRNA coding region forward

minicircle 23S rRNA coding region reverse

nuclear LSU rRNA gene forward

nuclear LLSU rRNA gene reverse
minicircle psbA coding region forward
minicircle pshA coding region reverse
minicircle non-coding core region forward

minicircle non-coding core region reverse

T from Hayashi 2005
I from Murray et al. 2004

Primers unique to this study show no reference.
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Table 3.1. Primers used in this study

Annealing
Primer Name  Primer Sequence (5" -3" ) Application
Tempreture
Primers for acquisition psbhA sequences
DinopsbAF1it YTWTAYATHGGWTGGTTYGG degenerate psbA inward forward 43 °C
DinopsbAR1it TCRTGCATWACYTCNATNCC degenerate psbA inward reverse 43 °C
DinopabAF20t TGGCCWGTWATHGGWATHTGG degenerate psbA outward forward 43 °C
DinopabAR207 CKRATWCCATCDATATCDACTG degenerate psbA outward reverse 43 °C
HN psbAF2 TGGAGGTTCATTATTCAGTGCAAT minicircle psbA coding region forward 64 °C
HNpsbAF3 GCAGAACACAACATTTTGATGCAC minicircle psbA coding region forward 64 °C
HNpsbAF4 AGCTGCAGTCGCTTATATTGCAGC minicircle psbA ¢cDNA coding region forward 50 °C
HNpsbAR2 TAGCATGAAATTAAATGTACCACTGATT minicircle pshA coding region reverse 64 °C
HNpsbAR3 GAGCATTTCGTTCATGCATCACTTCC minicircle psbA cDNA coding region reverse 50 °C
Primers for acquisition 23S rRNA sequences

Dino23SF1if TMRTRTTYATCAASCGACTGT degenerate 23S rRNA gene inward forward 43 °C
Dino23SR1it AAGCCGACATCGAGGTGCMAA degenerate 23S rRNA gene inward reverse 43 °C
HN23SF1o TTACTGCAGGGATAACAGGCT 23S rRNA gene outward forward 50 °C
HN23SR1o AATACTGGTCACATCTCAGTTC 23S rRNA gene outward reverse 50 °C
HN23SF2 CCTGTGAAGCTTTATAGGCAATGAGAGTA 23S rRNA ¢DNA coding region forward 50 °C
HN23SR2 AAGCCGACATCGAGGTGCCAA 23S rRNA ¢DNA coding region reverse 50 °C

+ from Hayashi 2005

Primers unique to this study show no reference.
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Figure 2.1

Total genome Southern blotting for H. nasutum. Lane 1: Total DNA hybridized with the

minicircle-encoded psbA probe, showing strong, broad bands ranging from 1500 bp to

2800 bp. Lane 2: Total DNA hybridized with the minicircle-encoded 23S rRNA probe,

showing two broad bands, which ranged from 1900 bp to 2100 bp and 3000 bp to 3600 bp.

Lane 3: Total DNA hybridized with the nuclear-encoded 28S rRNA gene probe, which

specifically hybridizes with nuclear DNA.
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Figure 2.2

Total genome Southern blotting for A. massartii. Lane 1: tPA-specific probe (negative

control). Lane 2: Nuclear-encoded 28S rRNA gene probe, which hybridized with nuclear

DNA (indicated by a bracket). Lane 3: Minicircle-encoded psbA probe showing a weak

band at ~3.5 kb and a strong band at ~5 kb, which are probably linear monomers and

relaxed monomeric circles, respectively (arrowheads). Lane 4: Minicircle-encoded core

region probe that gave a weak band at ~3 kb and several strong bands at ~4 kb, 5 kb,

and 6 kb (arrowheads), which indicates the presence of several minicircle DNAs with

different genes.
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Figure 2.3

Fluorescence in situ hybridization (FISH) images with specific probe for controls and

minicircle DNAs in A. massartii. (a) Unhybridized probe specific for £PA could not detect

any signal as a control; (b) Localization of a nuclear gene detected by a probe specific for

the 28S rRNA gene in the nucleus as a control; (c) Localization of the coding region of

minicircle DNAs detected by a specific probe for psbA in the plastid; (d) Localization of a

core region detected by a specific probe for the core sequence in the plastid. (1) FITC

images (green); (2) DAPI stained images (blue); (3) Chlorophyll autofluorescence images

(red); (4) Merged images of the FITC, DAPI, and chlorophyll images. (5) Phase contrast

(PC) images. Scale bar, 5 pm.
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Figure 2.4

Localization of minicircles using FISH images from confocal laser-scanning microscopy.

Consecutive serial sections of minicircle DNA FISH images obtained using a core region

probe for minicircle DNA. The cell images were acquired in 1-um intervals from the

center to the ventral side. FITC images (green), DAPI stained images (blue), and

chlorophyll autofluorescence images (red) are merged. Scale bar, 5 um.
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Figure 2.5

Fluorescence in situ hybridization (FISH) images with specific probes for controls and

minicircle DNA in H. nasutum. (a) Unhybridized probe specific for £PA could not detect

any signal as a control. (b) Localization of a nuclear gene, detected using a probe specific

for the 28S rRNA gene as a control. (c) Localization of the coding region of a minicircle

DNA, detected using a probe specific for psbA. (1) FITC images (green); (2) DAPI

stained images (blue); (3) Chlorophyll autofluorescence images (red); (4) Merged images

of FITC, DAPI, and chlorophyll images. (5) Phase contrast (PC) images. Scale bar, 10

pum.
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Figure 3.1

Comparison of DNA and cDNA sequence variation of psbA. Fifty-five partial psbA

sequences #01-#55) from DNA and 11 pshA partial sequence #81-#91) from cDNA.

Substitution sites are orange (1 type) or red (2 or 3 type), deletion sites are black, and

insertion sites are blue (1 type) or dark blue (2 or 3 type). Variable regions are green,

and gray backgrounds indicate missing sequences. The “+’ symbol indicates, no

frameshift mutations. Forward primers and reverse primer of the sequences are as

follows: #01 - #16, DinopsbAF1i and DinopsbAR1i; #17 - #27, #48, HNpsbAF2 and

HNpsbAR2; #28 - #47, HNpsbAF3 and HNpsbAR2; #49 - #55, DinopsbAF20 and

DinopsbAR20; #81 - #91, HNpsbAF4 and HN psbAR3.
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Figure 3.2

Comparison of DNA and ¢cDNA sequence variation of the 23S rRNA gene. Seventeen

partial 23S rRNA gene sequences #01-#17) from DNA and 5 23S rRNA gene partial

sequence #81-#85) from cDNA. Substitution sites are orange (1 type) or red (2 or 3 type),

deletion sites are black, and insertion sites are blue (1 type) or dark blue (2 or 3 type).

Variable regions are green, and gray backgrounds indicate missing sequences. Forward

primers and reverse primer of the sequences are as follows: #01 - #10, Dino23SF1i and

Dino23SR1IL; #11 - #17, HN23SF1o and HN23SR1; #81 - #85, HN23SF2 and HN23SR2.
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Figure 3.3

Complete alignment of the non-coding regions of psbA and 23S rRNA minicircles. The

yellow background indicates the tandem repeat sequence TCGGTGCTGTTTCAT. The

pink background indicates the tandem repeat sequence TTTCAGGTTTG. The sky blue

background indicates the tandem repeat sequence GGCATATTCTTATT. Core sequences

are indicated with a purple background. pA, sequences from the psbA minicircle

non-coding region; rR, sequences from the 23S rRNA gene minicircle non-coding region.

Sequence numbers are common to Figure 3.1 and 3.2
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