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Abstract 

Mitochondria are the organelles that were derived from an endosymbiotic α-proteobacterium 

captured by the ancestral eukaryotic cell. In addition to ATP synthesis through aerobic respiration, 

various essential metabolisms, such as amino acid synthesis, β-oxidation of fatty acid, and formation 

of FeS cluster, are catalyzed in mitochondria. As α-proteobacterium-derived organelles, 

mitochondria usually contain bacteria-type genomes (mtDNAs). Compared with the genomes of the 

extant α-proteobacteria, the mtDNAs determined so far are highly reduced in both genome size and 

gene content, suggesting severe reductive pressure worked during the process transforming the 

α-protebacterial endosymbiont to the organelle in early eukaryotic evolution. Nevertheless, size, 

gene content, and structure of mtDNAs are known to vary amongst eukaryotes, as the genomes have 

been evolved independently and continuously on branches of the tree of eukaryotes. As mtDNA data 

have been sampled from phylogenetically restricted lineages, such as metazoa, fungi, land plants, 

and green algae, our current knowledge regarding mtDNA diveristy is highly likely biased. In this 

study, I sequenced the mtDNAs of phylogenetic relatives of cryptophytes, as well as those of which 

are potentially related to cryptophytes, to revise our view on mtDNA diversity. Recent studies 

indicated cryptophytes are related to diverse non-photosynthetic lineages, such as Palpitomonas bilix, 

goniomonads, and kathablepharids, and these lineages are assembly called Cryptista. Although 

genomic and/or transcriptomic data are available from at least a single species in each subgroup of 

Cryptista, mtDNA data were available only from two cryptophytes prior to my study. Thus, I 

sequenced the mtDNAs of P. bilix and the katablepharid Leucocryptos marina to model the mtDNA 

evolution in Cryptista. I also determined the complete mtDNA of the haptophyte Chrysochromulina 

sp. NIES-1333, and an as-yet-to-be-described centroheliozoan strain SRT127, which represent two 
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lineages being proposed to be related to the Cryptista.  
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Abbreviation list 
Genes encoded in mitochondrial genomes of eukaryotes 
Functional Categories Genes 
Electron transport and ATP synthesis  
    NADH dehydrogenase subunits nad1, nad2, nad3, nad4, nad4L, 

nad5, nad6, nad7, nad8, nad9, 
nad10 , nad11 

    Succinate dehydrogenase subunits sdh2, sdh3, shd4 
    Cytochrome bc1 complex subunits cob 
    Cytochrome c oxidase subunits cox1, cox2, cox3 
    ATP synthase subunits atp1, atp3, atp4, atp6, atp8, atp9 
Translation  
    Small subunit ribosomal proteins rps1, rps2, rps3, rps4, rps7, rps8, 

rps10, rps11, rps12, rps13, rps14, 
rps16, rps19 

    Large subunit ribosomal proteins rpl1, rpl2, rpl5, rpl6, rpl10, rpl11, 
rpl14, rpl16, rpl18, rpl19, rpl20, 
rpl27, rpl31, rpl32, rpl34, rpl35, 
rpl36 

    Elongation factor tufA 
    Ribosomal RNAs rnl, rns, rrn5 
    transfer RNAs trnA..Y 
    tmRNA ssrA 
Transcription  
    Core RNA polymerase rpoA, rpoB, rpoC 
    Sigma-like factor rpoD 
Protein import  
    SecY-type transporter secY 
    SecY-independent transporters tatA, tatC 
Protein maturation   
    Cytochrome c oxidase assembly cox11, cox15 
    Cytochrome c maturation ccmA, ccmB, ccmC, ccmD 
RNA processing  
    RNase P rnpB 

 The functionally assignable genes which were vertically inherited from α-porteobacteria are shown. 

All genes in the table are present in at least one mitochondrial genome. Modified from Burger et al. 

(2013)  
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Terminology 
Abbreviation Description Abbreiation Description 

BP Bootstrap probability ML Maximum likelihood 
BPP Bayesian  

posterior probability 
MMETSP Marine Microbial Eukaryotes 

Transcriptome Sequencing 
Project  

DIG Diagoxigenin MP Maximum parsimony 
En Endonuclease nr database non-redundant database 

gI intron Group I intron mtDNA Mitochondrial genome 
gII intron Group II intron ORF Open reading frame 

HE Homing endonuclease PFGE Pulsed-field gel 
electorophoresis 

IEP Intron encoded protein RNP Ribonucleoprotein 
Ma Maturase RT Reverse transcriptase 
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Chapter 1.  General introduction 
 

The origin and evolution of mitochondria 

Mitochondria, double membrane-bound organelles, are ubiquitously found across the tree of 

eukaryotes, and responsible for various biological processes, such as oxidative respiration, amino 

acid metabolism, fatty acid metabolism, FeS cluster assembly, and apoptosis. It is widely accepted 

that mitochondria can be traced back to a single α-proteobacterial endosymbiont in the common 

ancestor of extant eukaryotes (Gray et al. 1999; Gray et al. 2001), because all extant eukaryotes 

harbor the mitochondria or mitochondrion-derived organelles, which are mainly found in eukaryote 

lineages adapted to microaerophilic/anaerobic environments (Tovar et al. 2003; Embley and Martin 

2006; Müller et al. 2012; Makiuchi and Nozaki 2014). The endosymbiotic origin of mitochondria is 

consistent with the fact that the aforementioned organelles contain bacterial-type genomes. 

Comparing to α-proteobacterial genomes, mitochondrial genomes (mtDNAs) are drastically reduced 

in terms of genome size and gene content, suggesting that a large portion of the genes was discarded 

or transferred to the host nuclear genome during the transition from a bacterial endosymbiont to an 

organelle (Gray 1993, Gray et al. 1999). 

 Although all mtDNAs can be traced back to a single α-proteobacterial genome, 

significant variation in genome size, genome structure, and gene content has been observed among 

the mtDNAs studied to date (Burger et al. 2003a; Gray et al. 2004). To explain such diversity in 

mtDNAs, different tempo and mode of mtDNA evolution need to be postulated for different 

branches in the tree of eukaryotes. For example, human mtDNA is a circular molecule of 16 Kbp in 

length, which contain only 13 genes encoding proteins involved in electron transfer chain (Boore 

1999). However, mtDNAs can be further reduced, as those of malaria parasites (e.g., Plasmodium 
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falciparum) are approximately 6 Kbp in length containing only three protein-coding genes (Ji et al. 

1996). In sharp contrast, the most gene-rich mtDNA is that of the jakobid Andalucia godoyi: The A. 

godoyi mtDNA possesses 66 genes encoding functionally annotated proteins involved in electron 

transport chain, as well as translation, transcription, and protein import/maturation (Burger et al. 

2013). Interestingly, functionally annotated proteins found in any mtDNAs known to date can be 

found in the protein set in the A. godoyi mtDNA, suggesting that A. godoyi possesses the most 

ancestral mtDNA. 

 Mitochondrial genomes also vary in terms of architecture. Majority of mtDNAs 

comprises a single circular molecule. In addition, single-linear, multi-linear, and multi-circular types 

of mtDNAs have been found in phylogenetically diverse eukaryotes (Burger et al. 2003). Malaria 

parasites (e.g., P. falciparum) and ciliates are known to possess single-linear mtDNAs (Burger et al. 

2000; de Graaf et al. 2009). The mesomycetozoean Amoebidium parasiticum posesses the mtDNA 

comprisng a set of hundred distinct linear molecules (Burger et al. 2003b). The mtDNAs of 

kinetoplastids form the network structure consisting of two types of circular DNA moleculses, (i) 

‘maxicircles’ carrying protein-coding genes, and (ii) ‘minicircles’ carrying guide RNA-coding genes 

of which transcripts assist the maturation of mRNAs transcribed from maxicircles (Liu et al. 2005).  

  

Mobile introns in mitochondrial genome 

Mitochondria are apparently not immune to lateral transmission of genetic materials, as a large 

number of mobile introns have been found in mtDNAs. In mtDNAs, two distinct types of mobile 

introns are found so far; group I (gI) introns and group II (gII) introns (Lang et al. 2007). These 

introns often harbor open reading frames (ORFs) encoding putative proteins with site-specific 
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endonuclease activity (intron encoded proteins or IEPs). It is generally believed that IEPs mediate 

invasions of their host introns into intron-less loci. The intron mobility beyond genomes is one of the 

major explanations for a complex pattern of intron distribution within closely related genomes 

(Lambowits 2004; Haugen et al. 2005). 

 Group I introns found in the nuclear and organellar genomes in eukaryotes, and bacterial 

genomes, but not in archaeal genomes (Saldanha et al. 1993; Sandegren and Sjöberg 2004). In 

eukaryotic nuclear genomes, gI introns have been found only in ribosomal RNA (rRNA) genes 

(Haugen et al. 2004). A typical secondary structure of gI intron RNAs contains 10 helical structures 

designated as P1-P10 (Haugen et al. 2005, Fig. 1A). Many gI introns were found to harbor ORFs 

encoding homing endonuclease (HE). Most of the HEs harbored in mitochondrial gI introns belong 

to LAGLIDADG or GIY-YIG-type endonuclease family, each of the aforementioned protein 

families possesses characteristic sequence motifs (Stoddard 2005). A HE protein recognizes and 

introduces double-strand break to the DNA sequence in an intron-less locus, which is identical to the 

homing site of the host intron (Fig. 2A). Then, the gI intron invades into the cleaved DNA through 

homologues recombination between the inron-bearing and intron-less loci (Nielsen and Johansen 

2009, Fig. 2A). 

 Group II introns are also identified in various genomes including those of viruses and 

phages, but not in any eukaryotic genomes (Michel 1982; Toro 2003). Typical gII intron RNAs need 

to be folded into a characteristic secondary structure consisting of six domains, which are crucial for 

splicing reaction (Bonen and Vogel 2001, Fig. 1B). The majority of the IEPs harbored in gII introns 

is composed of three domains, namely (i) reverse transcriptase (RT) domain, (ii) X or sometimes 

referred to as maturase (Ma) domain, and (iii) endonuclease (En) domain (San Filippo and 
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Lambowits 2002). Although some gII introns can be self-spliced in vitro, IEPs are believed to be 

indispensable for in vivo splicing reaction (Lehmann and Schmidt 2003). An IEP binds to the 

corresponding unspliced intron RNA, forming a ribonucleoprotein (RNP). Splicing reaction is 

principally catalyzed by the intron RNA, but X domain of the binding IEP assists the reaction. En 

and RT domains are likely not used for splicing reaction but intron transmission from an 

intron-bearing locus to an intron-less locus. For instance, Cousineau et al. (1998) hypothesized the 

process of lateral transmission of gII intron as follows (Fig. 2B). The spliced RNP recognizes the 

specific DNA sequence, and inserts the intron RNA into the top DNA strand. En domain cleaves the 

bottom DNA strand to initiate reverse transcription by RT domain. Finally, the host DNA repair 

system removes the intron RNA and fills the resultant gap in the top DNA strand (Fig. 2B). 

 

The organisms which are lacking in mitochondrial genome data 

The mtDNA diversity described above is mainly based on the data from phylogenetically limited 

lineages. According to the NCBI Organelle Genome Resource 

(http://www.ncbi.nlm.nih.gov/genome/browse/?report=5, last accessed at 17th Oct 2015), there are 

6,346 completely sequenced mtDNAs, but 6186 (97.4%) are occupied by metazoans, fungi, and land 

plants. Thus, to understand the true diversity and evolution of mtDNAs, we need to accumulate the 

mtDNA data from phylogenetically broad lineages (the current consensus knowledge of eukaryotic 

taxonomy are reviewed in Adl et al 2012; Fig. 3A), in addition to the three branches of the 

eukaryotic evolutionary tree. Here, I focus on members of a eukaryotic assemblage called Hacrobia 

(Okamoto et al. 2009; Fig. 3B), of which mtDNAs have not been studied well prior to this study. 

 Hacrobia was proposed to comprise diverse unicellular eukaryotes (protists) including 
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both phototrophic and heterotrophic species, namely cryptophytes, goniomonads, Palpitomonas bilix, 

kathablepharids, haptophytes, telonemids, centrohelids, picozoans, and rappemonads (Fig. 3B). 

Cryptophytes and haptophytes contain plastids that are remnants of red algal endosymbionts (Lane 

and Archibald 2008). Goniomonads and kathablepharids are heterotrophic, but show clear 

phylogenetic affinities to cryptophytes (Martin-Cereceda et al. 2010). P. bilix is a recently described 

heterotrophic species, and appeared to be a basal branch of the clade comprising cryptophytes, 

gonimonads, and kathablepharids (Yabuki et al 2010; Yabuki et al. 2014). Thus, the clade of 

cryptophytes, gonimonads, kathablepharids, and P. bilix is now called as Cryptista (Yabuki et al. 

2014). Both telonemids and centrohelids are heterotrophic organisms (Smith and Patterson 1986; 

Klaveness et al. 2005;). Although the two lineages have been known for a long time, their 

phylogenetic positions are not resolved yet (Shalchian-Tabrizi et al. 2006; Sakaguchi et al. 2007). 

Picozoans was firstly recognized by environmental surveys of small subunit ribosomal RNA (SSU 

rRNA) sequences in sea water, and proposed as potential relatives of cryptophytes and 

kathablepharids (Not et al. 2007). Initially, picozoans was considered to be photosynthetic, as the 

picozooan cells often associated with an organelle-like structure with the potential autofluorescence 

of phycobiliproteins, which are found exclusively in red algal and cryptophyte plastids. However, 

latter studies consistently and clearly indicated that picozoans are heterotrophic (Seenivasan et al. 

2012; Moreira and López-García 2014). Rappemonads are uncultured eukaryotes with no cellular 

identity, but known only from environmental plastid rRNA sequences (Kim et al. 2011). The 

putative plastid rRNA sequences of rappemonads and with those of red algal and red alga-derived 

plastids grouped together with high statistical support (Kim et al. 2011). 

In this study, I investigated the mtDNAs of four species belonging to Hacrobia, the 
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kathablepharid Leucocryptos marina, the haptophyte Chrysochromulina sp. NIES-1333, 

Palpitomonas bilix, and an undescribed centrohelid strain SRT127. I here discuss the evolution of 

mtDNA with special emphases on gene content and genome structure, as well as the origins of 

mobile introns. I further constructed the novel database of alignments for phylogenetic analyses, and 

applied to the multi-gene phylogeny to inspect the monophyly of Hacrobia based on the mtDNA 

data including those I sequenced in this study.   



 11 

Chapter 2. Lateral transfers of mobile introns among distantly related 
mitochondrial genomes 
 

Summary 

So far, only group I (gI) and group II (gII) introns are found in mitochondrial genomes (mtDNAs). 

Both introns are self-splicing ribozymes which need to be folded into proper secondary and tertiary 

structures. The distribution of gI/gII introns is often contradicted to the organismal phylogeny, as 

these introns are mobile genetic elements that can be laterally transferred between distantly related 

mtDNAs. Intron mobility is likely facilitated by proteins encoded in introns (intron encoded proteins 

or IEPs), which bind to and cleave double strand DNAs. As sequence specificity varies amongst 

IEPs, the intron hosting a certain IEP can be inserted into the specific position in a foreign genome. 

Thus, if introns are found in the homologous positions of different genomes, their IEPs are 

considered to be homologous to each other. In other words, if IEPs share an intimate evolutionary 

affinity, their host introns can be homologous to each other. 

 In this chapter, I discuss the evolutionary origins of introns found in a 12-Kbp fragment 

of the mtDNA of a kathablepharid Leucocryptos marina (2-1), and the complete mtDNA of a 

haptophyte Chrysochromulina sp. NIES-1333 (2-2), both of which were determined in this study. 

The mtDNA of L. marina contains two gI introns. Comparisons of intron insertion sites and 

phylogenetic analyses of two IEPs in the L. marina introns suggested that the two introns are 

evolutionarily distinctive to one another; one is homologous to introns in green algal mtDNAs, and 

the other is to those in fungal mtDNAs. In the organismal phylogeny, neither green algae nor fungi 

are closely related to kathablepharids, suggesting that intron transfer occurred between distantly 

related organisms. 
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 The mtDNA of Chrysochromulina sp. NIES-1333 harbors three gII introns, and only one 

of the three introns was found to encode an IEP. Curiously, an open reading frame (ORF), of which 

amino acid sequence shows a strong similarity to those of gII IEPs, was found outside of introns 

(henceforth here designated as IEP-like ORF). Based on a phylogenetic analysis of IEP sequences, I 

concluded that the IEP-containing intron shares the origin with an intron found in the mtDNA of 

diatom. I also recovered a strong affinity between the IEP-like ORF in the Chrysochromulina 

mtDNA and an IEP detected in the mtDNA of the diatom Phaeodactylum tricornutum. Thus, I 

propose that (i) two out of the three introns in the Chrysochromulina mtDNA shared the origins with 

the introns in diatom mtDNAs, and (ii) the IEP-like ORF in the Chrysochromulina mtDNA was used 

to be ‘intron-hosted.’  

 

2-1. Leucocryptos marina 

Introduction 

Group I introns are one of the major classes of introns found in bacterial genomes, mitochondrial 

and plastid genomes, and eukaryotic nuclear genomes (Saldanha et al. 1993; Bhattacharya 1998), as 

well as genomes of viruses/phages (Sandegren and Sjöberg 2004). In eukaryotes, gI introns in 

nuclear genomes are exclusively inserted in ribosomal RNA (rRNA) genes, whereas the introns 

reside in genes for both rRNAs and proteins in organellar genomes (Cannone et al. 2002). Group I 

introns need to be spliced by folding a characteristic secondary and tertiary structures. The typical 

secondary structure of gI introns consists of approximately 10 double helical elements designated as 

P1-P10 (Haugen et al. 2005; Edgell et al. 2011). These helical elements are organized into three 

domains at the tertiary structural level, which are important for efficient splicing of this class of 

introns (Adams et al. 2004). Many gI introns host ORFs for homing endonucleases (HEs) (Belfort 
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and Roberts 1997), which may facilitate intron invasion into the intron-less alleles within a 

population of the same species, as well as those in different species (Sellem et al. 1996; Johansen et 

al. 1997; Sanchez-Puerta et al. 2011). Intron-encoded (intronic) HEs in mtDNAs are divided into 

two types, such as LAGLIDADG and GIY-YIG superfamilies, on the basis of highly conserved 

motifs (Stoddard 2005).  

Kathablepharida is a group of heterotrophic eukaryotes distributed in diverse aquatic 

environments (Auer and Arndt 2001). A phylogenetic analysis using a multi-gene dataset strongly 

suggests that katablepharids, goniomonads, cryptophytes and Palpitomonas together form a 

monophyletic clade, Cryptista (Yabuki et al. 2014). Here, I report two gI introns hosting 

LAGLIDADG-type HEs in the mtDNA of kathablepharid Leucocryptos marina, and explored the 

evolutionary histories of these introns by combining their putative secondary structures, the intron 

positions, and the phylogenetic affinities of the intronic HEs.   

 

Material & Methods 

Cell culture 

The cultures of the kathablepharid L. marina NIES-1335 and the haptophyte Chrysochromulina sp. 

NIES-1333 were purchased from the National Institutes for Environmental Study (NIES). L. marina 

was cultured in f/2 medium (http://mcc.nies.go.jp/02medium.html#2) with Chyrsochromulina sp. 

NIES-1333 as a prey at 20 ºC under 14 h light/10 h dark cycles. 

 

Extraction of DNA and RNA and preparation of cDNA 

The L. marina cells, together with the prey (Chrysochromulina) cells, were harvested by 

centrifugation and then subjected to DNA and RNA extractions by using Plant DNA Isolation 
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Reagent (TaKaRa) and RNeasy Plant Minit Kit (QIAGEN), respectively. Complementary DNA was 

synthesized from total RNA by Superscript II reverse transcriptase (Invitorogen) with random 

hexamers. These experiments mentioned above were conducted by following the manufactures’ 

instructions. The DNA and cDNA were used as the templates for polymerase chain reactions (PCR), 

intending to amplification of mtDNA fragments and gene transcripts respectively.   

 

Amplification of mitochondrial genes and sequencing 

Six mitochondrial gene transcripts, namely cob, cox1, cox3, nad1, nad7, and nad11, were amplified 

by reverse transcriptase PCR (RT-PCR) with the primer sets shown in Table 1. PCR products were 

cloned into pGEM-T Easy vector (Promega). For each gene transcript, 8 clones were completely 

sequenced and compared to confirm no sequence heterogeneity among clones, except the cob and 

cox3 transcripts. The cob and cox3 PCR amplicons appeared to consist of two distinctive types, one 

with and the other without in-frame TGA stop codons (no in-frame TGA codon was found in the 

cox1, nad1, nad7 or nad11). The amplicons with in-frame TGA codon were considered to be from 

the haptophyte prey cells for two reasons. (i) Phylogenetic analyses indicated that the two amplicons 

were distantly related to each other, and only the one with in-frame TGA stop codons showed a 

close affinity to the haptophyte homologues (Fig. 4). (ii) The genus Chrysochromulina belongs to 

one of the two classes in Haptophyta, Prymnesiophyceae, whose mtDNAs assign TGA to tryptophan 

(Hayashi-Ishimaru et al. 1997; Inagaki et al. 1998; Puerta et al. 2004). Based on the phylogenetic 

analyses and non-standard usage of TGA codon, I concluded that the cob and cox3 transcripts with 

in-frame TGA codons were likely to originate from the haptophyte cells, and were not considered in 

the following experiments. 
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 The intergenic spacer regions between nad11 and nad1, nad1 and nad7, nad7 and cox3, 

cox3 and cob, and cob and cox1 were also amplified with outwarded exact match primers designed 

based on the six mitochondrial gene sequences determined beforehand (see the above paragraph). 

These PCR were performed as described in Masuda et al. (2011) and Kamikawa et al. (2009). 

Cloning and sequencing of PCR products were conducted as described above. The partial mtDNA 

sequence was deposited to DNA Data Bank of Japan (GenBank/EMBL/DDBJ accession no. 

AB63966). 

  

Identification of gI introns and secondary structure prediction 

Each of cob and cox1 genes in the L. marina mtDNA appeared to be interrupted by a single gI intron 

with a HE. The boundaries of exon and intron were determined by comparing the corresponding 

cDNA and genomic sequences. The intron secondary structures were predicted using MOLD (Zuker 

2003), followed by manual modification by referring the general structures of gI introns presented in 

GOBASE (O’Brien et al. 2009). 

 

Phylogenetic analysis of intronic HEs 

The HE encoded in the L. marina cob intron (HELm-cob) was aligned with 29 HEs belonging to the 

LAGALIDADG_2 superfamily, which showed significant similarity to HELm-cob in TBLASTN 

search against the GenBank non-redundant (nr) database (E value < 10-10). The alignments from the 

BLAST search were carefully assessed, and excluded redundant sequences and the sequences which 

produced very short alignments with HELm-cob. After manual refinement followed by the exclusion of 

ambiguously aligned positions, 183 amino acid (aa) positions remained in the final 

‘LAGLIDADG_2’ alignment. The same procedure described above was repeated to prepare a 
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‘LAGLIDADG_1’ alignment including the HE encoded in Leucocryptos cox1 intron (HELm-cox1). 

The final LAGLIDADG_1 alignments contain 25 HEs and 191 unambiguously aligned aa positions. 

  The two HE alignments were separately subjected to maximum likelihood (ML) 

analysis. The LG model (Le and Gascuel 2008) incorporating empirical aa frequencies and 

among-site rate variation approximated by a discrete gamma (Γ) distribution with four categories 

(LG+Γ+F) was selected as the most appropriate model for the aa substitutions in the 

LAGLIDADG_1 alignment by the program Aminosan (Tanabe 2011) under the Akaike information 

criterion. Similarly, the VT model (Müller and Vingron 2000) incorporating empirical aa 

frequencies and among-site rate variation approximated by a discrete Γ distribution with four 

categories (VT+Γ+F) was selected as the most appropriate model for the LAGLIDADG_2 alignment. 

The ML analyses were performed using RAxML 7.2.1 (Stamatakis 2006) with the selected models 

described above. The ML tree was heuristically searched from 10 distinct maximum-parsimony 

(MP) starting trees. In RAxML bootstrap analyses (100 replicates), the heuristic tree search was 

performed from a single MP starting tree per replicate. 

 The two HE alignments were also analyzed by Bayesian inference with the LG+Γ+F 

model using PhyloBayes v. 3.2 (Lartillot et al. 2009). As VT model is not available in PhyloBayes, 

the LG+Γ+F model was instead applied to the LAGLIDADG_2 alignments. Two independent 

Markov Chain Monte Carlo chains (MCMC) were run for 72,000-78,000 generations. The first 100 

generations were discarded as ‘burn-in’ on the basis of the log-likelihood plots (data not shown). For 

each analysis, the frequencies of all bipartitions observed in the two independent MCMC runs were 

compared, and the convergence between the two chains were checked by the ‘maxdiff’ value being 

smaller than that recommended in the PhyloBayes manual (i.e, maxdiff < 0.1). Subsequently, the 
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consensus trees with branch lengths and Bayesian posterior probabilities (BPPs) were calculated 

from the rest of the sampling trees. 

 

Results & Discussion 

Overview of the 12 kbp mitochondrial genome fragment of L.marina and 

group I introns 

I successfully sequenced an approximately 12 Kbp-long fragment of L. marina mtDNA including 9 

genes (nad11, nad1, nad6, atp6, nad7, cox2, cox3, cob and cox1 in this order, Fig. 5). The intergenic 

spacer regions are short, ranging from 4-64 bp in length. Neither tRNA nor rRNA gene was 

identified. 

 By the comparison between the cDNA and genomic sequences, two introns, one in the 

cob gene and the other in the cox1 gene, were detected. No sign of RNA editing was found so far. 

Both two introns are likely of gI, as these sequences can be folded into typical secondary structures 

comprising of 11-12 double helical domains referring to P1-P10 (Fig. 6). In our BLASTN survey, 

the putative core regions of the cob intron showed similarity to the cob intron in a green alga 

Chaetosphaeridium globsum (GenBank accession: AF494279), which is classified as a member of 

group ID, with an E value of 10-13. On the other hand, the putative core region of the cox1 intron 

appeared to share sequence similarity with those of group IA1 introns (e.g., the one lying in the large 

subunit of mitochondrial rRNA gene of a green alga Scenedesmus obliqus, GenBank accession: 

AF202057, with an E value of 2 X 10-6). The two introns are distinguishable from one another by the 

two following features: (i) The cox1 intron has two extra stems, P7.1 and P9.1, which are absent in 

the cob intron, and (ii) The cob intron harbors an ORF between P1 and P2, while the cox1 intron has 

an ORF between P1 and P10 (see Fig. 6).  
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 The ORFs hosted in the cob and cox1 introns encode 217 aa residue-long and 267 aa 

residue-long polypeptides, respectively. The two intronic ORFs likely encode LAGLIDADG-type 

HEs, but no significant similarity was detected between their putative aa sequences by a BLASTP 

search (bl2seq) with default parameters. Henceforth here, the HE hosted in the cob and cox1 genes 

are designated as HELm-cob and HELm-cox1, respectively. HELm-cob appeared to belong to 

LAGLIDADG_2 superfamily (pfam031611), while HELm-cox1 shows affinity to superfamily  

LAGLIDADG_1 (pfam00961).  

 

Origin of the Leucocryptos cob intron 

The alignment consisting of 30 LAGLIDADG_2 HEs sequences including HELm-cob was prepared 

and subjected to the ML and Bayesian phylogenetic analyses. In the unrooted ML tree of this 

alignment, HELm-cob and two HEs encoded in the cob of two green algae, Nephroselmis olivacea and 

Chlorokybus atmophyticus, grouped together with a BP of 98% and a BPP of 1.00, suggesting that 

HELm-cob and green algal HEs evolved from a single ancestral protein (Fig. 7A). The ancestral intron 

most likely (i) lied at the phase-0 position of the codon corresponding to Gln138 in the 

Saccharomyces cerevisiae cob gene (GenBank accession: NC_001224), and (ii) hosted a 

LAGDLIDADG_2 HE in the loop region between P1 and P2 as shown in Fig. 8A. Unfortunately, it 

is difficult to retrieve deeper insights for the origin of the Leucocryptos cob intron by inserted 

positions, as the HEs hosted by the introns lying in the homologous positions were sporadically 

distributed in the LAGLIDADG_2 phylogeny.  

 

Origin of the Leucocryptos cox1 intron 

A ‘LAGLIDADG_1’ alignment comprising the aa sequences of HELm-cox1 and 24 members of 
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LAGLIDADG_1 superfamily was subjected to the ML and Bayesian phylogenetic analyses. The 

unrooted LAGLIDADG_1 ML phylogeny united HELm-cox1 and the HE hosted in the fourth out of 15 

cox1 introns in the fungus Rhizophydium sp. with a BP of 71% and a BPP of 1.00 (Fig. 7B). 

Although the statistical support for this clade was inconclusive, the introns hosting these HEs 

described above exclusively share the homing position; phase-0 of the codon corresponding to Thr93 

in the S. cerevisiae cox1 gene (GenBank accession: NC_001224). Thus, the Leucocryptos cox1 

intron and the fourth intron in Rhizophydium cox1 gene likely derived from a single ancestral intron, 

which lied at phase-0 of the codon corresponding to Thr93 in the S. cerevisiae homologue, and 

hosted a LAGLIDADG_1 HE in the loop region between P1 and P10 (Fig. 8B). 

 The clan of HELm-cox1 and the HE in the fourth intron of Rhizophidium cox1 was further 

connected to the HE encoded in the first out of 16 cox1 introns of the fungal Podospora anserina, 

and that encoded in a single intron of the mycetozoan Dictyostelium fasciculatam (BP of 70% and 

BPP of 0.99). Both Podospora and Dictyostelium introns lie at the phase-1 of the codon 

corresponding to Ala94 in the S. cerevisiae cox1 gene, being in close proximity but apparently 

distinct from the homing position of the Leucocryptos and Rhizophidum introns. One possibility is 

that HELm-cox1 and the Rhizophidum HE, and the Podospora and Dictyostelium HEs have evolved 

from a single ancestral HE and still recognize the identical (or very similar) nucleotide sequences, 

but the cleavage position altered after the separation of two HE pairs. In any case, the evolutionary 

link between the cox1 introns in Leucocryptos and Rhizophidium, and those in Podospora and 

Dictyostelium can be assessed only after the enzymatic properties of the HEs hosted in the four cox1 

introns are characterized. 
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Intron evolution in the Leucocryptos mitochondrial genome 

Introns in organellar genomes are generally regarded as mobile genetic elements powered by 

intronic HEs, as ’trans-genomic’ invasion have been accumulated in the literature (Sanchez-Puerta et 

al. 2011). In the global eukaryotic phylogeny inferred in the recent study, kathablepharids highly 

likely from a clade with goniomonads, cyrptomonads, and Palpitomons bilix, referred to as Cryptista 

(Yabuki et al. 2014), but are closely related to neither green algae nor fungi (Okamoto and Inouye 

2005; Kim et al. 2006). Thus, the evolutionarily homologous introns resides in distantly related 

mtDNAs can be rationalized by lateral transfer events. Nevertheless, considering the cyclic model 

for gain and loss of selfish genetic elements including gI introns (Goddard and Burt 1999), we 

cannot exclude the alternative scenario which assumes that (i) the two introns in cob and cox1 genes 

discussed above have been vertically inherited from the common ancestor of a large taxonomic 

assemblage including kathablepharids, green algae and fungi, but (ii) secondary intron loss occurred 

in other descendant lineages. Nevertheless, HE sequences considered here highly unlikely represent 

the true diversity of LAGLIDADG_2 and/or LAGLIDADG_1 HE superfamilies. Thus, the origins 

and evolutions of the two gI introns found in the Leucocyptos mtDNA should be revisited after 

in-depth surveying introns and intronic HEs in the mtDNAs of phylogenetically broad eukaryotic 

lineages, particularly those of close relatives of kathablepharids, such as goniomonads and 

cyrptophytes. 

 

2-2. Chrysochromulina sp. NIES-1333  

Introduction 

Group II introns are one of the major classes of introns, and found in the genomes of prokaryotes 

(bacteria and archaea) (Toro 2003), mitochondria and plastids (Michel et al. 1982) which are derived 
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from an α-proteobacterium and a cyanobacterium, respectively (Gray et al. 1999; Gould et al .2008). 

So far, gII introns have been identified in mtDNAs from members of phylogenetically diverse 

eukaryotic groups such as metazoans (Dellaporta et al. 2006; Vallès et al 2008), jakobids (Lang et al 

1997; Burger et al. 2013), members of Archaeplastida (Bégu et al. 2009; Turmel et al. 2007; Mao et 

al. 2012), fungi (Paquin and Lang 1996; Foury et al. 1998), cryptophytes (Hauth et al. 2005), 

haptophytes (Ehara et al. 2000; Smith et al. 2014) and stramenopiles (Oudot-Le Secq et al. 2001; 

Kamikawa et al. 2009; Ravin et al. 2010). These gII introns possess features at both primary and 

secondary structural levels. At the primary structural level, gII introns possess highly conserved 

sequence motif at the 5′ and 3′ ends (i.e., 5′-GTGYG…AY-3′; Y for T or C) (Bonen and Vogel 

2001). At the secondary structural level, we anticipate the transcripts of typical gII introns (intron 

RNAs) to form a characteristic bulge structure with six stems, so-called domains I to VI (Toor et al. 

2001). Both primary and secondary structures of gII intron RNAs are generally believed to be 

critical for splicing reaction (Lambowitz and Zimmerly 2004). 5′ 

 Group II introns can be regarded as mobile genetic elements, which are transmittable 

between an inron-bearing and intron-less alleles (intron homing). The mobility of gII introns are 

most likely conferred by IEPs. Typical IEPs comprise three functionary distinct domains, namely (i) 

reverse transcriptase (RT) domain, (ii) X (or maturase) domain, and (iii) endonuclease (En) domain 

(San Filippo and Lambowitz 2002), although some IEPs were reported to lack RT and/or En 

domains (Bonen and Vogel 2001; Lambowitz and Zimmerly 2011; Zimmerly and Semper 2015). 

Among the three domains in IEPs, RT and En domains are predicted to catalyze reverse transcription 

of intron RNA and cleave the target (intron-less) allele, respectively (Bonen and Vogel 2001; San 

Filippo and Lambowitz 2002). Domain X may not be responsible for intron mobility, but assists 
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splicing by stabilizing the conformation of intron RNA. Nevertheless, we have known of many 

‘IEP-free’ gII intron, and it is difficult to predict the protein factors, which cooperate with a 

particular IEP-free intron in trans. As far as I know, this is the first report that predicted as the 

mtDNA-encoded trans factor involved in the splicing of IEP-free introns in mtDNA. 

 Here, I completely sequenced the mtDNA of the haptophyte Chrysochromulina sp. 

NIES-1333, and identified three introns in total, two of those are found in cox1 gene and the other is 

found in rnl gene. Analyses of the intron sequences suggest that the three introns in the 

Chrysochromulina mtDNA belonged to gII. I identified two ORFs encoding putative IEPs. Both 

showed significant similarity to gII intron-hosted IEPs in the mtDNAs; one is orf627 encoded in the 

second cox1 intron, and the other is orf584, which is free-standing (i.e. not hosted by any introns). 

Phylogenetic analyses of IEPs and comparisons of intron position across phylogenetically diverse 

mtDNAs revealed that the Chrysochromulina mtDNA shares homologous introns with those of 

distantly related species.  

 

Material & Methods 

Cell culture, extraction of DNA/RNA, and preparing cDNA 

The haptophyte Chrysochromulina sp. NIES-1333 was purchased from NIES. The haptophyte cells 

were grown in f/2 medium at 20 ºC under 14 h light/10 h dark cycles. The cells were harvested by 

centrifugation. Total DNA and total RNA were extracted from the harvested cells by CTAB buffer 

as described in Kamikawa et al. (2005) and TRIzol (Invitrogen), respectively. Total RNA was used 

to synthesize cDNA with random hexamers and Superscript II reverse transcriptase (Invitrogen). 

RNA extraction and cDNA synthesis were performed following manufactures’ protocols. 
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Amplification of mitochondrial genes and sequencing 

The entire mtDNA was amplified by combination of PCR with LA Taq DNA polymerase (TaKaRa), 

genome walking with Genome Walker Universal kit (Clonthech). Amplified DNA fragment < 3 Kbp 

and those of < 10 Kbp were cloned into pGEM-T Easy vector (Promega) and pCR-XL-TOPO vector, 

respectively. The short PCR products (< 3 Kbp) were sequenced by the Sanger method using ABI 

3130 (Applied Biosystems). 454 pyro-sequencing by the Gs Junior system was performed on the 

long (> 10 Kbp) amplicons. Newbler (454 Sequencing, Roche) was applied to assemble the 

pyro-sequencing reads. The DNA amplification and sequencing described above were conducted as 

described in manufactures’ instructions. The Chrysochromulina mtDNA was finally assembled into 

a circular molecule, with an approximate 34 Kbp in length. The complete mtDNA sequence is 

available in DDBL/EMBL/GenBank under the accession number AB930144. 

 

Genome annotation 

Genes encoding proteins and rRNA were identified by BLASTX and BLASTN searches against the 

NCBI nr database, respectively (Altschul et al. 1990). Transfer RNA genes were identified by using 

tRNAscan-SE (Schattner et al. 2005). Independent from the analyses described above, we 

re-annotated the genome by MFannot (http://megasun.bch.umontreal.ca/RNAweasel/).  

 Both cox1 and rnl genes in the Chryshochromulina mtDNA appeared to be intervened by 

introns. The precise intron-exon boundaries were determined by sequencing the corresponding 

transcripts (cDNAs) of the intron-containing genes. The secondary structures of the introns 

identified in the mtDNA were predicted by MFOLD (Zuker 2003), followed by manual refinement 

by referring to Toor et al. (2001) and GOBASE database (O’Brien et al. 2009).  
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Phylogenetic analysis 

The two ORFs (orf627 and orf584), of which conceptual aa sequences show high similarity to the 

IEPs of gII intorns, were found in the Chrysochromulina mtDNA. The conceptual aa sequences of 

the two ORFs were aligned with those of 46 IEPs encoded in other mtDNAs and 4 bacterial 

homologues by Muscle (Edgar 2004). The IEP sequences were retrieved from the GenBank database 

by referring to previous studies (Kamikawa et al. 2009; Ravin et al. 2010). After manual refinements 

and exclusion of ambiguously aligned positions, the final alignment includes 52 IEPs and 453 aa 

positions. 

 The alignment described above was subjected to the ML and Bayesian methods to infer 

phylogenetic relationship using RAxML 7.2.6 (Stamatakis 2006) and PhyloBayes 3.3 (Lartillot et al. 

2009), respectively. The LG+Γ+F model (Le and Gascuel 2008) was applied for both ML and 

Bayesian inferences. The ML tree was selected by heuristic searches from 10 randomized MP 

starting trees. In RAxML bootstrap analyses (100 replicates), the heuristic tree search was performed 

from a single MP starting tree per replicate. In Bayesian analysis, two independent MCMC chains 

were run for 5,800-5,850 cycles, reaching maxdiff value of 0.08353 (Manual suggests that maxdiff 

is smaller than 0.1 when chains reach to convergence). The first 100 cycles were discarded as 

‘burn-in’; the consensus tree, branch length, and BPPs were calculated from the remaining trees. 

   

Results & Discussion 

Overview of the Chrysochromulina mitochondrial genome 

The mtDNA of Chrysochromulina sp. NIES-1333 was assembled into a circular molecule of 34,291 

bp in length with an A+T content of 70.0% (Fig. 9). We identified 16 functionally assignable ORFs 

(including those for two IEPs; see below). UGA codons are most likely assigned for tryptophan 
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instead of terminal signal, as reported in other member of Prymnesiophyceae, one of the two classes 

of Haptophyta (Hayashi-Ishimaru et al. 1997; Inagaki et al. 1998; Puerta et al. 2004). We detected 

26 tRNA genes and a set of small and large subunits of rRNAs; No 5S rRNA gene was identified. A 

set of tRNA genes identified in the mtDNA is sufficient to translate all aa codons except for GGN 

(N = A, G, C, or U) codon for glycine (Table 2). All genes mentioned above were encoded on a 

single strand. A region with an approximate length of 1.6 Kbp, which contained a single tRNA gene 

for isoleucine, was found to be duplicated (arrows in Fig. 9). 

 In terms of gene repertory, the Chrysochromulina mtDNA in fundamentally similar to 

those of other haptophytes, namely Emiliania huxleyi (Puerta et al. 2004; Smith and Keeling et al. 

2012), Chrychochromulina tobin (Hovde et al. 2014), Diacronema lutheri 

(www.bch.umontreal.ca/ogmp/projects/pluthgen.html), Phaeocystis spp. (Smith et al. 2014), as 

shown in Table 3. 

 

General features of the intron in the Chrysochromulina rnl gene 

The rnl gene hosts a single intron with no apparent ORF (designated as Ch_rnli). The intron was 

found to be inserted at the position between the 837th and 838th bases in the Homo sapiens homolog 

(GeneID: 4550 in NC_012920). Ch_rnli starts with 5′-GTGCG… and ends with …CT-3’, which is 

similar to the consensus motifs shared amongst typical gII introns (5′-GTGYG…AY-37, Y for T or 

C). Although the intron sequence was too divergent to predict the entire secondary structure, the 

domains V and VI, the typical secondary structures of gII introns, were successfully identified with 

the aid of MFannot (Fig. 10). Thus, I characterized Ch_rnli as a gII intron. 

 The homing position of Ch_rnli was found to be identical to those of rnl introns found in 
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a member of Archaeplastida (the red alga Pyropia haitanesis; NC_017751), two members of 

Stramenopiles (the blown alga Pylaiell alittoralis, and the diatom Phaeodactylum tricornutum; 

NC_003055 and HQ840789, respectively), and a member of Fungi (Gigaspora rosea; NC_016985) 

(Fig. 10). Note that none of the rnl intron in the mtDNAs of other haptophytes, D. lutheri and 

Phaeocystis globosa, shares the insertion positions with that of Chrysochromulina sp NIES-1333. 

The secondary structures of domains V and VI are predicted in Ch_rnli and the four introns 

described above, but detected no apparent homology at the nucleotide sequence and secondary 

structure level among them (Fig. 10). Furthermore, Ch_rnli has no IEPs, which is a key aspect to 

inferring intron evolution (Lambowitz and Zimmerly 2011). Thus, I avoid discussing the 

evolutionary relationship among Ch_rnli and the introns listed above, solely based on their homing 

positions. 

 

General features of the two introns in the Chrysochromulina cox1 gene 

Two introns were identified in the Chrysochromulina cox1 gene. I designated the first and second 

introns in cox1 gene as Ch_cox1i1 and Ch_cox1i2, respectively. Both introns starts with 

5′-GTGCG… and ends with …AC-3’, being consistent with the consensus motifs of gII introns 

(5′-GTGYG…AY-3’). Both Ch_cox1i1 and Ch_cox1i12 can be folded into the characteristic 

secondary structures shared among gII introns, albeit with some ambiguity remaining in domain I 

(indicated as ‘DI’ in Fig. 11 A & B). Altogether, the two cox1 introns were considered to belong to 

gII. Ch_cox1i1 is inserted in phase-2 of the codon corresponding to Phe68 in the Homo sapiens cox1 

gene, sharing the homing position with the gII intron in the cox1 genes of the cryptophyte 

Rhodomonas salina, and the diatom Phaeodactylum tricornatum (Fig. 11). Ch_cox1li2 was found at 



 27 

phase-2 of the codon corresponding to Phe237 in the H. sapiens cox1 gene, being homologous to 

those of the gII intron in the cox1 genes of the haptophyte D. lutheri and the diatom Ulnaria acus 

(Fig. 11D). Ch_cox1i2 hosts an IEP, while Ch_cox1i1 encodes no apparent ORF.  

 

Evolution of Ch_cox1i2 and its IEP 

The IEP encoded in Ch_cox1i2, ORF627, most likely facilitates splicing of the host intron. The 

ORF627 aa sequence showed apparent similarity to other gII intron-hosted IEP sequences deposited 

in the GenBank database; the top BLAST hit was an IEP encoded in the first gII intron of the cox1 

gene in the haptophyte D. lutheri (Dl_cox1i) with a 49% sequence similarity and an E-value of 0.0. 

In both ML and Bayesian analysis of the IEP alignment, Chrysochromulina ORF627 formed a clade 

with two IEPs in cox1 gII introns, namely Dl_cox1i and that of the diatom U. acus (Ua_cox1i) with 

a ML bootstrap value (MLBP) of 96% and BPP of 1.00 (Fig. 12). As we generally believe that gII 

introns and their IEPs have coevolved (Lambowitz and Zimmerly 2011), the intimate relationship 

among the IEPs encoded in Ch_cox1i2, Dl_cox1i and Ua_cox1i suggests that their host introns are 

derived from a single ancestral intron bearing an IEP. The single origin of Ch_cox1i2, Dl_cox1i, and 

Ua_cox1i discussed above is consistent with the fact that the three introns share a homing position 

(Fig 11). 

 The ancestral haptophyte species likely possesses a cox1 gene with a particular gII intron, 

as Chrysochromulina sp. and D. lutheri are representatives of two major classes in Haptophyta, 

Prymnesiophyceae and Pavlovaphyceae, respectively. The scenario demands that multiple intron 

losses occurred in the cox1 genes of Emiliania huxleyi, members of the genus Phaeocyctis, 

Isochrysis galbana and Chrysochromulina tobin. 
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 The IEP phylogeny and comparison of homing positions imply that the homologues 

introns are present in two distantly related branches (haptophytes and diatoms) in the tree of 

eukaryotes. This sporadic intron distribution can be explained by a scenario incorporating lateral 

intron transfer. There is an alternative, but less plausible scenario assuming that the cox1 gene in the 

ancestral organism, which has existed to prior to the divergence of major eukaryotic assemblages 

including diatoms and haptophytes, may have already possessed a gII intron at phase-2 of the codon 

corresponding to Phe237 in the H. sapiens cox1 gene, and would have been (secondarily) lost in 

multiple descendants (i.e., ancestral co-occurrence followed by multiple secondary losses). I prefer 

the scenario incorporating lateral intron transfer to the alternative scenario, but these scenarios 

should be reexamined by future studies based on broader diversity of gII introns (and their IEPs) 

compared with those considered in this study. 

 

Link between a free-standing orf584 and an IEP-free Ch_cox1i1 

Most IEPs in mtDNAs are encoded in intronic ORFs (as observed in Ch_cox1i2; see above), but a 

few of those are free-standing (e.g., OFR732 in the liverworts Marchantia polymorpha; highlighted 

by a star in Fig. 12). The BLAST search showed that Chrysochromulina ORF584, which is 

free-standing in the genome, bore a significant sequence similarity to gII intron-hosted IEPs; The top 

BLAST hit of ORF584 aa sequence was the IEP (OER724) encoded in a first intron of cox1 gene in 

the diatom P. tricornutum (Pt_cox1i1) with a 53% sequence similarity and E-value of 0.0. ORF584 

equips RT, maturase/X, and En domains, implying that this protein assists intron splicing. The 

phylogenetic analysis recovered a robust affinity between Chrysochromulina ORF584 and ORF724 

encoded in Pt_cox1i1 with a MLBP of 100% and a BPP of 1.00 (Fig. 12). This indicates that the two 
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proteins were derived from the single ancestral IEP encoded in a gII intron, which is homologous to 

Pt_cox1i1, the host intron of ORF724. Curiously, Pt_cox1i1 and Ch_cox1i1 appear to share a 

homing position (Fig. 11D). I also noticed that the nucleotide sequence of domain VI in Ch_cox1i1 

and that in Pt_cox1i1 are similar to one another (Fig. 11C), although this domain sequences are 

generally variable among gII introns (Toor et al. 2001). The homing position and sequence similarity 

in domain VI between Ch_cox1i1 and Pt_cox1i1 suggest that the two introns are homologous to 

each other. Altogether, I here propose that ORF584 used to be encoded in Ch_cox1i1, and still 

assists the splicing of the host intron even after being free-standing secondarily in the current 

Chrysochromulina mtDNA. To the best of my knowledge, this is the first report of co-relation 

between free-standing ‘IEP’ and IEP-free intron in a mtDNA [see Zoschke et al. (2010) for a similar 

case but in a plastid genome]. 

 The first intron in the R. salina cox1 gene (Rs_cox1i1) is unlikely to be homologous to 

Pt_cox1i1 or Ch_cox1i1, although the three introns share the homing position (Fig 11). The IEP 

phylogeny placed the IEP encoded in Rs_cox1i1 in a remote position from the clade of ORF584 and 

ORF724 (Fig. 12), strongly arguing against the homology between Rs_cox1i1 and 

Pt_cox1i1/Ch_cox1i1. The homology between Pt_cox1i1 and Ch_cox1i1, which were found in two 

phylogenetically distant related species (i.e., a haptophyte and a diatom), can be explained by lateral 

intron transfer. Nonetheless, we cannot exclude the alternative possibility assuming ancestral 

co-occurrence followed by multiple secondary losses. I prefer the simplicity of the first scenario 

incorporating lateral intron transfer, but the alternative scenario should not be ignored before 

mtDNA diversity is sufficiently covered.   
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Table1 Degenerate primers used for reverse-transcription PCR 

 

 

Genes Directions Sequences(5′-3′) 
Cob Forward GNGAYGTNAAYAAYGGNTGG 
 Reverse ACDATRTGNGCNGGNGTNACC 
Cox1 Forward ACNAAYCAYAARGAYATHGG 
 Reverse NACNCCNACRAANGTRCACC 
Cox3 Forward CCNTTYCAYTTRGTNGAYCC 
 Reverse NACNACRTCNACRAARTGCC 
Nad1 Forward CGNGGNCCNAAYGTNGTNGG 
 Reverse NARYTCNGCYTCNGCYTCNGG 
Nad7 Forward AAYTTYGGNCCNCARCAYCC 
 Reverse NACNCCRAAYTCNCCYTTNG 
Nad11 Forward GTNGCNGGNAAYTGYKGNATG 
 Reverse NGTNARNGCNCCNACNGGRCA 
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Table 2. Codon frequency and tRNA anticodon repertoire in the mitochondrial genome of Chrysochromulina sp. NIES-1333. 

 

 
1No tRNA for stop codons. 
2The first position of anticodon CAU may be modified to recognize AUA codon. 
3No tRNA was detected. 

 

Codons AA Frequency tRNA 

anticodon 

Codons AA Frequency tRNA 

anticodon 

Codons AA Frequency tRNA 

anticodon 

Codons AA Frequency tRNA 

anticodon 

UUU F 15.32 GAA UCU S 17.25 UGA UAU Y 3.16 GUA UGU C 12.15 GCA 

UUC 2.29 UCC 2.29 UAC 14.44 UGC 2.99 

UUA L 9.16 UAA UCA 31.34 UAA 1 10.39 �1 UGA W 12.5 UCA 

UUG 2.82 UCG 6.34 UAG 7.21 UGG 2.82 

CUU 2.99 UAG CCU P 8.28 UGG CAU H 8.63 GUG CGU R 10.56 ACG 

CUC 0.53 CCC 2.11 CAC 8.98 CGC 2.64 

CUA 1.76 CCA 18.13 CAA Q 14.44 UUG CGA 8.45 

CUG 0.17 CCG 2.99 CAG 3.17 CGG 0.35 

AUU I 10.21 GAU ACU T 22.89 UGU AAU N 11.09 GUU AGU S 14.6 GCU 

AUC 3.35 ACC 3.17 AAC 6.51 AGC 8.10 

AUA 4.05 CAU2 ACA 20.95 AAA K 14.09 UUU AGA R 4.93 UCU 

AUG M 17.6 CAU ACG 8.45 AAG 3.52 AGG 1.23 

GUU V 11.09 UAC GCU A 34.16 UGC GAU D 12.68 GUC GGU G 41.12 � 

GUC 1.41 GCC 3.17 GAC 4.93 GGC 5.46 

GUA 3.17 GCA 17.61 GAA E 13.73 UUC GGA 8.45 

GUG 1.94 GCG 7.22 GAG 3.87 GGG 2.64 
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Table 3 Gene repertories in haptophye mitochondrial genomes 
 Chrysochromulina sp. 

NIED-1333 

Chrysochromulina 

tobin 

Diacronema lutheli Emiliania 

huxlyei 

Phaeosystis 

golbosa 

rnl Y[1] Y Y[1] Y Y 

rns Y Y Y[1] Y Y 

rrn5 N N Y Y Y 

tRNA 23 species 23 species 22 species 23 species 23 species 

nad1 Y Y Y Y Y 

nad2 Y Y Y Y Y 

nad3 Y Y Y Y Y 

nad4 Y Y Y Y Y 

nad4L Y Y Y Y Y 

nad5 Y Y Y Y Y 

nad6 Y Y Y Y Y 

cob Y Y Y Y Y 

cox1 Y[2] Y Y[1] Y Y 

cox2 Y Y Y Y Y 

cox3 Y Y Y[1] Y Y 

atp4 N Y Y Y Y 

atp6 Y Y Y[1] Y Y 

atp8 N Y Y N Y 

atp9 Y Y Y[1] Y Y 

rps3 N Y N Y Y 

rps8 N Y N Y N 

rps12 Y Y Y Y Y 

rps14 N Y Y Y Y 

rps19 N N Y N N 

rpl14 N N Y N N 

rpl16 Y Y Y Y Y 

dam N N N Y N 

Others orf627a, orf538b orf457 orf636c, orf105d orf104d N 

 

Y, yes; N, no. Numbers of introns are shown in brackets.  

a: Encoded in the second cox1 intron  

b:Free-standing open reading frame encoding a protein with amino acid sequence similarity to group 

II intron-encoded proteins.  

c: Encoded in the cox1 intron.  

d: Encodes an uncharacterized protein
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Fig 1. Model structures of group I and group II RNA  

A. Schematic representative of group I intron secondary structures. The conserved stem-loop 

structures are designated as P1 to P10. B. Schematic representative of group II intron secondary 

structures. The conserved domain structures are designated as DI to DVI. The consensus intron 

boundary sequences are shown. In both structures, red and Black lines indicate intron and exon, 

respectively. These figures are made by referring to Edgell et al. 2011. 
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Fig. 2 Invasion models of group I and group II introns. 

A, B Black and gray lines indicate double strand DNAs (dsDNA) with and without intron, 

respectively. Introns are shown in red. Striped regions are homing positions of introns, which are 

recognized and cleaved by endonucleases (domain). A. Group I intron homing. Step 1: The homing 

endonuclease (HE), which is shown as red packman-shape symbol, is expressed from an intronic 

open reading frame (ORF). Step 2: The HE introduces double strand-break to the recipient (gray) 

dsDNA. Step 3: The cleaved dsDNA are repaired through homologous recombination with 

intron-hosting DNA. B. Group II intron homing. Step 1: A spliced intron RNA forms a 

ribonucleoprotein (RNP; RNA and IEP are indicated by the orange line and the blue circle, 

respectively) complex with the protein expressed from the ORF hosted in the corresponding intron 

(intron encoded protein or IEP; step1). Step 2: The RNP complex inserts the intron RNA to the top 

strand of an intron-lacking dsDNA by reverse-splicing manner. The bottom strand is cleaved by the 

endonuclease (En) activity in the RNP complex. Step 3: The DNA strand which is complementary to 

the intron RNA inserted in the top strand, was synthesized by reverse transcription (RT) activity in 

the RNP complex. Step 4: Intron homing is completed by the host DNA repair system (step 4).  
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Fig 3. Tree of eukaryotes. 

A. A working hypothesis on the phylogenetic relationship amongst the major eukaryotic lineages 

mainly based on Adl et al. (2012). Six major assemblages are color-coded, and the branches of 

‘orphans’ lineages, which showed no strong affinity to any of the six assemblages are colored, are 

colored in gray. As the root of eukaryotes is still controversial, the tree is unrooted. B. The 

relationship amongst the members of Hacrobia. As it is uncertain whether these lineages are 

monophyletic, the backbone part of the tree is indicated by dot lines. The relationship among four 

cryptist lineages were drawn based on Yabuki et al. (2014).   
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Fig. 4 Maximum-likelihood (ML) analyses of the COB and COX3 amino acid (aa) alignments. 

 A. The ML phylogeny inferred from the COB alignment comprises 31 taxa with 368 

unambiguously aligned aa positions B. The ML phylogeny inferred from the COX3 alignment 

comprising 26 taxa with 218 unambiguously aligned aa positions. Leucocryptos marina and 

Chrysochromulina sp. are highlighted by bold characters. The haptophyte clade is shades. Only ML 

bootstrap values equal to or greater than 50% are shown. The two alignments were separately 

analyzed with LG+Γ+F model by using RAxML ver. 7.2.1. The GenBank accession numbers were 

given in brackets on the right of species names. 
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Fig. 5 Primary structure of the partial mitochondrial genome of the katablepharid Leucocryptos 

marina.  

 Protein-coding regions are shown by arrows. All the coding regions are located on the same strand 

(left to right). Unsequenced regions of nad11 and cox1 are shown by dot lines. The genes initially 

amplified by reverse transcriptase PCR are shown in orange, while those amplified from genomic 

DNA were in green. The IEPs and introns are indicated by black arrows and gray boxes, respectively 
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Fig 6. Putative secondary structures of the group I intron RNAs in a 12 Kbp mtDNA fragment of 

Leucocryptos marina  

A. Putative Watson–Crick and wobble base pairs are shown by lines and open circles, respectively. 

Capital and small letters represent intron and exon nucleotides, respectively. Stem structures, which 

are characteristic to group I introns, are labeled as P1–P10. The open reading frame (ORF) for a 

LAGLIDADG-type homing endonuclease (closed box; 217 amino acid residues) was found in the 

718 nucleotide-long loop region between P1 and P2. B. Secondary structure of the Leucocryptos 

cox1 intron. The details of this figure are same as described in A, except the ORF for a 

LAGLIDADG-type homing endonuclease (closed box; 267 amino acid residues) was found in the 

827 nucleotide-long loop region between P1 and P10. P9.1 and P7.1, which are absent in the 

Leucocryptos cob intron, are shaded. 
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Fig. 7 Comparison of the group I intron RNAs structures.  

 A. Secondary structure of Leucocryptos, Chlorokybus, and Nephroselmis cob intron. 

LAGLIDADG_2-type homing endonucleases (HEs) are encoded in the region between P1 and P2 in 

the three introns (shown as closed boxes). Putative Watson-Crick and wobble base pairs are shown 

by lines and open circles, respectively. Characteristic stem structures for group I introns are 

indicated (P1-P10). B. Schematic structures of Leucocryptos and Rhizophydium cox1 introns. Both 

introns harbor LAGLIDADG_1-type HEs between P1 and P10 (shown in closed boxes). Details are 

described in A.  
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Fig. 8 Phylogenetic analysis of group I intron-encoded LAGLIDADG endonucleases.  

A. Unrooted ML phylogeny inferred from the LAGLIDADG_2 alignment containing 183 amino 

acid positions. 30 HEs belonging to LAGLIDADG_2 superfamily were subjected to the ML and 

Bayesian methods. The HEs hosted in cob introns are shown in dark blue. The details of the homing 

positions of the HE-hosting cob introns (phase and codon) are given on the right side of the tree. 

Codon numbers are based on the Saccharomyces cerevisiae cob gene (GenBank accession number 

NP_009315.1). Only ML bootstrap values equal to or greater than 50 % are shown. The resultant 

tree inferred from Bayesian analysis was essentially identical to that from the ML analysis (data not 

shown). The branches supported by Bayesian posterior probabilities (BPPs) equal to or greater than 

0.95 were highlighted by thick lines. The GenBank accession number of the HE sequences used in 

this tree are given in brackets. B. Unrooted ML phylogeny inferred from the LAGLIDADG_1 

alignment containing 191 amino acid positions. 25 HEs belonging to LAGLIDADG_1 superfamily 

were subjected to the ML and Bayesian methods. The HEs hosted in cox1 introns are shown in dark 

red. The details of the homing positions of the HE-hosting cox1 introns (phase and codon) are given 

on the right side of the tree. Codon numbers are based on the S. cerevisiae cox1 gene (GenBank 

accession number NP_009305.1). I am unsure the precise position of the intron identified in the 

Flammulina velutipues cox1 genes, as only HE sequence has been deposited in the GenBank 

database (labeled with a question mark). Other details are the same as described in A. 
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Fig. 9 Mitochondrial genome of Chrysochromulina sp. NIES-1333.  

Protein-coding genes and rRNA genes are represented by boxes. Gray boxes represent two open 

reading frames, of which amino acid sequences showed significant sequences similarity to 

intron-encoded proteins. Transfer RNA genes are represented by lines. Introns are shown in dotted 

lines. Arrows represent duplicated region. 
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Fig. 10 Comparison of rnl intron sharing insertion position with that of Chrysochromulina sp.  

A. Partial secondary structure of the intron designated as Ch_rnli, as it is in the rnl gene of 

Chrysochromulina sp. Putative Watson-Crick and wobble base pairs are shown by lines and open 

circles, respectively. Capital and small letters represent intron and exon nucleotides, respectively. 

Domains V and VI, which are group II intron-specific stem structures, are indicated as DV and DVI, 

respectively. B. Partial secondary structure of the intron which sharing the insertion position with 

Ch_rnli. Details are the same as described in A. Notes that no similarity is found among the five 

introns at either primary or secondary structural level. C. Intron hosted in rnl genes. Open, gray, and 

black boxes represent exons, inton, and intron-encoded proteins (IEPs), respectively. Introns, which 

shares the homing position, are shaded. 
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Fig. 11 Putative cox1 introns and comparison among sharing insertion position with that of 

Chrysochromulina sp. 

A. Secondary structure of the first cox1 intron (Ch_cox1i1). The details are the same as described in 

Fig. 10. B. Partial secondary structure of domain VI (DVI) of the first intron in the cox1 gene of 

Phaeodactylum tricornutum and Rhosomonas salina (Pt_cox1i1 and Rs_cox1i1, respectively). 

Domain VI of Pt_cox1i1 is similar to that of Ch_cox1i1 at both primary and secondary structural 

levels while there is no similarity between domain VI of Rs_cox11i and that of Ch_cox1i1 or 

Pt_cox1i1.  C. secondary structure of the second cox1 intron (Ch_cox1i2). The details of this figure 

are the same described above. D. Introns hosted in cox1 genes. Details are the same as described in 

Fig. 10C. 
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Fig. 12 Phylogeny inferred from 52 Intron-encoded protein (IEP) amino acid sequences. 

 The IEP alignments were subjected to both maximum-likelihood (ML) and Bayesian methods. As 

the two methods reconstructed very similar trees, only ML tree is shown here. The tree is rooted by 

the bacterial sequences. Values at nodes represent ML bootstrap support values greater than 50%. 

The nodes supported by Bayesian posterior probabilities equal to or greater than 0.95 are highlighted 

by thick lines. The IPEs in cox1 introns are shaded in orange. The detailed homing positions of cox1 

introns are given on the right side of the tree. Codon numbers are based on the Homo sapiens cox1 

gene (GenBank accession number YP_003024028). Free-standing IEPs are highlighted with stars. 
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