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Abstract

The dinoflagellates have repeatedly replaced their ancestral peridinin-plastid by plastids derived from a variety of algal
lineages ranging from green algae to diatoms. Here, we have characterized the genome of a dinoflagellate plastid of tertiary
origin in order to understand the evolutionary processes that have shaped the organelle since it was acquired as a symbiont
cell. To address this, the genome of the haptophyte-derived plastid in Karlodinium veneficum was analyzed by Sanger
sequencing of library clones and 454 pyrosequencing of plastid enriched DNA fractions. The sequences were assembled
into a single contig of 143 kb, encoding 70 proteins, 3 rRNAs and a nearly full set of tRNAs. Comparative genomics revealed
massive rearrangements and gene losses compared to the haptophyte plastid; only a small fraction of the gene clusters
usually found in haptophytes as well as other types of plastids are present in K. veneficum. Despite the reduced number of
genes, the K. veneficum plastid genome has retained a large size due to expanded intergenic regions. Some of the plastid
genes are highly diverged and may be pseudogenes or subject to RNA editing. Gene losses and rearrangements are also
features of the genomes of the peridinin-containing plastids, apicomplexa and Chromera, suggesting that the evolutionary
processes that once shaped these plastids have occurred at multiple independent occasions over the history of the
Alveolata.
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Introduction

The primary endosymbiosis that gave rise to photosynthetic

eukaryotes probably occurred only once and represents a major

and critical event in evolutionary history. This endosymbiosis

between a eukaryote and a cyanobacterium resulted in the

primary plastids found in plants, green algae, red algae and

glaucophytes. Subsequently, the primary plastids were laterally

transferred to several eukaryotic lineages as result of a eukaryote

engulfing another eukaryote carrying a primary plastid, then

giving rise to secondary plastids, or even engulfed eukaryotes

harboring secondary plastids (a tertiary plastid). These complex

plastids are characterized by increased number of membranes

(three-four) and subsequent modifications of the intracellular

transport [1–3]. There are four major groups comprising a

secondary plastid of likely red algal origin: dinoflagellates,

haptophytes, cryptophytes and heterokonts.

Among these groups, dinoflagellates are unique in featuring

secondary and even tertiary plastids that have independently been

acquired from several algal lineages. The most common

dinoflagellate plastid is distinguished by the presence of chloro-

phyll a and c, the pigment peridinin and three surrounding

membranes. Almost half of the extant dinoflagellate species

contains either this peridinin plastid, considered to be ancestral

for the lineage, or have replaced it by a plastid derived from a wide

range of algal lineages (including green algae, cryptophytes,

haptophytes, and diatoms) [4–9]. The remaining dinoflagellate

species have lost their photosynthetic ability and display a

heterotrophic lifestyle. The variety of plastids makes the

dinoflagellates the most dynamic system for acquiring and loosing

plastids as well as nuclear-encoded plastid-targeted genes among

eukaryotes [9–12] It is therefore a suitable model for studying the

processes involved in plastid evolution.

During the evolution of the first primary plastids, a massive

amount of the original genes present in the enslaved endosymbiont

disappeared. Some of these endoymbiont genes were completely

extinguished, while others were transferred to the nucleus of the

new host and their products were transported back to the plastid

[13,14]. Consequently, only a few of the genes required for proper

plastid function are encoded by the plastid itself. Studies of plastid

genomes from chromists (haptophytes, cryptophytes, and hetero-

konts) have shown that these do not contain as many genes as red

algal plastids [15–17], indicating that a process of genome and

gene reduction also took place in such higher order endosymbi-

onts. The peridinin-containing dinoflagellates have taken the

reduction of their plastid genome a step further than the chromists,

with only 18 genes identified so far [18]. Even more peculiar,

instead of the standard circular plastid genome found in other
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photosynthetic eukaryotes, the peridinin-containing dinoflagellates

display multiple replicating minicircles carrying one or two genes

[19].

The species belonging to the Karlodinium and Karenia genera

acquired their plastids via tertiary endosymbiosis. These two

closely related aberrantly pigmented dinoflagellate genera have

replaced their original peridinin-plastid by a plastid characterized

by chlorophylls a+c and 199-hexanoyloxy-fucoxanthin (hereafter

termed fucoxanthin) [8,20]. Phylogenies inferred from plastid gene

sequences revealed that Karlodinium veneficum (D. Ballantine J.

Larsen; previously named K. micrum) and Karenia brevis branch off as

sisters within the haptophytes [8,12,21–24]. However, whether the

fucoxanthin-plastid originates from a single endosymbiotic event

in the common ancestor of Karlodinium/Karenia or from two

separate events remains unknown - mainly because of the poor

resolution of the reconstructed trees and because only a few

haptophyte plastid genes have been analyzed so far.

Here, we have investigated how a haptophyte plastid genome is

altered when the organelle is transferred to a dinoflagellate host

environment. To address this, we sequenced the plastid genome of

K. veneficum and compared the genome structure with what is

known from haptophyte plastids. The results reveal major

differences between K. veneficum and the typical haptophyte

plastids, implying massive gene loss, genome rearrangements

and expansion of intergenic regions. Some of these processes seem

to be a reoccurring process among alveolate plastids.

Results

Genome assembly
The 454 sequencing resulted in 260,387 (FLX) and 625,532

(Titanium) reads, generating a total of 230 Mbp (megabasepairs)

of sequence. Some K. veneficum plastid-encoded genes were

represented by a remarkably high frequency in the 454 dataset,

making the assembly of the genome complex and demanding.

However, we did manage to assemble a single contig comprising

142,981 bp. The gaps between the contigs were closed by

including sequences acquired from long-range PCR sequencing

and 9600 genomic library clones to the assembly (see methods).

Two of the PCR products that closed the gaps between contigs

contained short tandem repeats (the trinucleotide motif TAA, in

21 and 113 copies, respectively). Additional PCRs for joining the

contig ends failed. We are thus unable to safely conclude that the

Karlodinium plastid genome is organized as a circle.

Essential features of the K. veneficum plastid genome
The K. veneficum plastid genome encodes 70 different proteins,

30 tRNAs (of which trnE and trnK is present in five and two

copies, respectively) and three ribosomal RNAs. A map of the

plastid genome is shown in Fig. 1 and the general features of the

genome are compared with those of other chromist plastid

genomes in Table 1. With an overall GC-content of 27.1%, the K.

veneficum genome is very similar to the E. huxleyi genome (26.8%

GC). A total of 51.3% of the K. veneficum genome is non-coding,

and it contains 2 short putative introns of 132 and 155 bp length

in trnN and trnK, respectively. Three occasions of overlapping

genes were detected (rps18 and rpl33; rps8 and rpl5; psaF and

psaJ, see Fig. S1), while the intergenic spacers range from 24 bp up

to ,4500 bp, with an average length of ,730 bp. The protein-

coding genes seem to use the standard genetic code and three

termination codons (TAG, TAA, TGA). The most common stop

codon is TAA. Two genes (groEL and rbcS) have the unusual start

codon ATT. Frameshifts were found in the reading frames of five

genes (rpoB, rpoC2, petD, rpl5 and secY). We could not identify

an inverted repeat in the K. veneficum genome.

The K. veneficum plastid genome contains a subset of the protein-

coding plastid genes found in the haptophyte E. huxleyi (Fig. 2),

including all 12 protein-coding genes found in the extremely

reduced plastid genome of peridinin dinoflagellates. The relatively

low number of plastid genes in K. veneficum suggests that many

genes were transferred from the plastid genome to the host

nucleus; however, none could be identified in the available K.

veneficum EST-library [12].

Gene clusters that are often conserved among chromist plastid

genomes [25] are lacking in the K. veneficum plastid genome

(Fig. 3A), including the atpA-operon and the well-known

ribosomal protein superoperon, which is highly reduced and

separated into five fragments (Fig. 3B). Also, the rRNA operon

displays an unusual structure, where only the 5S and SSU are

duplicated (Fig. 1). The figure shows the complete operon in one

copy. However, our assembly is not conclusive as to whether the

whole operon was present in one or two copies in addition to the

truncated operon.

Several of the K. veneficum genes are very divergent compared to

their homologues in other plastid genomes. Ten of the 70 protein-

coding genes display internal stop codons (most often TAA), five

require frameshifts for proper translation, five are missing large

conserved segments universally found in plastid genes, and two

display an extremely divergent sequence compared to their known

homologs available in Genbank (Table 2, Fig. S1). These

observations may be indicative of RNA editing, alternative codon

usage or the presence of pseudogenes. All the internal stop codons

are located within highly variable regions. It is therefore very

difficult to detect a pattern indicating alternative codon usage.

Phylogeny of the K. veneficum plastid genome
The inferred plastid gene phylogeny shows that the K. veneficum

and two other fucoxanthin-dinoflagellates cluster together in a

monophyletic group with maximum support (Fig. 4). Together,

this fucoxanthin-dinoflagellate group forms a highly supported

sister group (100% BV) to the haptophyte group Prymnesiophy-

ceae, while the other haptophyte group Pavlovophyceae branches

off as a sister to the Prymnesiophyceae/fucoxanthin dinoflagel-

lates. This topology confirms that the genome sequenced here is

from a tertiary plastid of haptophyte origin [8]. In addition, it

suggests that the fucoxanthin-plastids originate either from a single

endosymbiotic event or alternatively several events, all involving

uptake of haptophytes. Comparison of branch lengths shows that

the K. veneficum genes evolve more rapidly than those in

haptophytes and other chromalveolates (see also [8,24]).

Discussion

A significant gene reduction is seen in the tertiary
endosymbiont genome

The plastid genome of K. veneficum contains only 70 protein-

coding genes, whereas the haptophyte Emiliana huxleyi has 110

plastid-encoded protein genes [16]. Thus, the haptophyte plastid is

likely to have sustained extensive gene losses after being

incorporated into a dinoflagellate. An extremely reduced gene

content is characteristic for the plastid genomes of peridinin

dinoflagellates; these genomes comprise the smallest number of

genes of any photosynthetic lineage. Similarly, although not as

extreme as in dinoflagellates, the alveolate Chromera velia, a

photosynthetic lineage closely related to the parasitic apicomplexa

also carries a gene-reduced plastid genome containing only 56

protein-coding genes [26]. This implies a major reduction of genes

Genome Evolution of a Tertiary Plastid
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in several plastid-bearing alveolate lineages. Here, we show that

the tendency for reduction of plastid-encoded genes also applies

for K. veneficum, which acquired its plastid in an independent

endosymbiotic event. This indicates that the property of reducing

the plastid gene number is shared between the apicomplexan and

dinoflagellate lineages.

Interestingly, when comparing the plastid-encoded genes of C.

velia and K. veneficum a large overlap is observed: 48 of the 56

plastid protein genes in C. velia are found among the identified K.

veneficum genes. This substantial proportion of shared genes

indicates that the independent processes of reduction that

occurred in these closely related host species led to similar gene

contents, which may reflect some kind of ‘‘core’’ plastid genes. In

our BLAST searches of expressed K. veneficum genes [12] against

the E. huxleyi plastid genome, we could not identify any significant

hits to the lost protein-coding plastid genes of K. veneficum. It is thus

unknown whether these genes were transferred to the host nucleus

or whether they were lost from K. veneficum altogether. Although

the K. veneficum plastid genome has lost a large fraction of protein-

coding genes, it has retained a nearly complete set of tRNA genes.

Figure 1. K. veneficum plastid genome map. Genes facing outside are transcribed in a clockwise direction, while those on the inside are
transcribed counterclockwise. tRNA genes are marked with the one-letter amino acid code and the anticodon in parenthesis.
doi:10.1371/journal.pone.0019132.g001
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Table 1. General features of the Karlodinium veneficum, haptophyte, cryptophyte and heterokont chloroplast genomes.

Karlodinium veneficum Emiliania huxleyi Guillardia theta Odontella sinensis

Size 142,981 105,309 121,524 119,704

Inverted repeat No Yes Yes Yes

Total G+C content (%) 27.1 26.8 33.0 31.8

Gene content total 99 144 177 160

% Coding sequence 48.7 86.3 87.9 84.1

Protein coding genes (%GC) 70 (33) 113 (37) 144 (33) 128 (37)

rRNA genes (%GC) 3 (41.8) 3 (46.6) 3 (48.4) 3 (46.6)

tRNA genes (%GC) 29 (41) 27 (54.2) 27 (54.5) 27 (53.2)

No. of overlapping genes 3 1 5 4

No. of introns 2 0 0 0

Average size intergenic spacer in bp (%GC) 730 97.6 82.9 115.7

Start codons: ATG 66 105 136 123

Start codons: GTG 1 6 6 5

Start codons: other 2 None None None

Table modified from Oudot-Le Seqc et al. 2007.
doi:10.1371/journal.pone.0019132.t001

Figure 2. Gene content of red plastid lineages. Venn diagram of plastid genome gene content of K. veneficum, E. huxleyi, peridinin-containing
dinoflagellates, C. velia and red algae. The K. veneficum plastid genome is a subset of the E. huxleyi genome, and there is a large overlap between the
genes found in K. veneficum and C. velia. tRNAs, rRNAs and other small RNAs are not included in the diagram.
doi:10.1371/journal.pone.0019132.g002

Genome Evolution of a Tertiary Plastid
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This differs from the situation in the minicircle sequences of

peridinin dinoflagellates, in which only a few tRNA genes have

been identified (trnMe in Amphidinium carterae and trnP, trnW and

trnMe in Heterocapsa triquetra) [27,28]. Hence, except for trnfMet,

all the genes lost from the K. veneficum plastid genome are protein-

coding genes.

A reshuffled plastid genome with expanded intergenic
regions

In contrast to the peridinin dinoflagellates which carry their

plastid genome on multiple minicircles [10], the K. veneficum plastid

contains a large linear, or most likely, a circular chromosome. This

enables us to compare the general structures of the K. veneficum plastid

genome to that of the closely related E.huxleyi. Despite the reduced

number of genes in the K. veneficum plastid genome, the sequence

complexity of this genome has been substantially increased by

accumulation of sequences in intergenic spacers. The intergenic

regions, which are about six-fold larger (733 bp in average) than

those in other chromalveolates [15], represent more than half the

total genome. Thus, greatly expanded non-coding regions mainly

explains the larger size of the K. veneficum genome relative to the E.

huxleyi genome (143 kb vs. 105 kb) [16]. Most red algal-derived

plastid genomes contain several conserved gene clusters, including

the well known ribosomal protein superoperon and the atpA-operon

[15]. In K. veneficum, however, most of these conserved gene clusters

are reduced and highly scrambled compared to their closest known

relatives (Fig. 3). These operons are indeed found in E.huxleyi,

indicating that the K. veneficum plastid genome was reshuffled

following incorporation into the dinoflagellate cell. Interestingly,

the unusual relocation of rpl31 within the ribosomal superoperon is

seen in both K. veneficum and C. velia, implying that this transition have

happened independently in these lineages.

Together, these results show that the establishment of the

tertiary plastid in dinoflagellates was accompanied by major

changes to the endosymbiont genome, including expanded

intergenic regions and a reshuffled gene order. Interestingly, the

extensive changes seen in the K. veneficum plastid genome are

different from the tertiary plastid genomes of ‘dinotoms’ (i.e.

dinoflagellates with diatom-derived plastids). However, unlike the

fucoxanthin plastid, the dinotom plastid has remained practically

unchanged since the tertiary endosymbiotic event [29]. Thus, this

difference could reflect the different stages of plastid integration in

these two dinoflagellate lineages.

Certain K. veneficum plastid genes are highly divergent
Alignments of the K. veneficum genes with their homologues in other

plastid genomes revealed that several genes are very divergent. Some

of these genes contain one or several stop codons within the assumed

protein-coding sequence, indicating that the gene transcript is no

longer functional, that the organism uses a deviant genetic code, or

that the gene transcript is edited before translation. To determine

whether the internal stop codons are due to a deviant genetic code,

one may compare the same genes in close relatives and search for

patterns in which a sense codon was replaced by a stop codon. We

Figure 3. Examples of conserved gene blocks. Solid horizontal lines indicate neighboring genes. Asterisks denote that the genes are not
connected. A: Comparison of conserved genes blocks in K. veneficum and E. huxleyi. B: Comparisons of the gene order in the plastid ribosomal
superoperon of various red-plastid lineages. The switched order of S13 and L36 and the transition of L31 in C. velia and K. veneficum are indicated.
doi:10.1371/journal.pone.0019132.g003

Table 2. List of K.veneficum plastid-encoded genes with unusual features.

Genes with stopcodons atpA, cbbx, petA, petB, psaA, psaB, rpl14, rps13, rps19, secA

Genes that require frameshifts for proper translation petD, rpl5, rpoB, rpoC2, SecY

Genes that lack large conserved segments atpG, ClpC, rps 11, ycf39, dnaK

Extremely divergent genes atpF, rps7

doi:10.1371/journal.pone.0019132.t002
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compared the K. veneficum genes to those of E. huxleyi genes but were

unable identify such patterns. Thus, a deviant code is probably not

the cause for the unexpected stop codons. RNA editing has been

shown to be prevalent in dinoflagellate mitochondrial genomes [30].

Moreover, a few cases of RNA editing have been reported for the

plastid psaA, psbB, psbE and 16S rRNA genes in Ceratium horridum

[31], for psbA in Lingulodinium polyedrum [32] and for eight of 10

examined plastid genes in Heterocapsa triquetra [33]. Based on the

documented cases of RNA editing in dinoflagellate organelles, we

favor the idea that most of the divergent K. veneficum genes are subject

to RNA editing. However, the possibility that the genetic code is

deviant, or that some of the genes with unusual features are

pseudogenes cannot be excluded.

Serial endosymbiosis events as a driving force in
dinoflagellate plastid evolution?

The K. veneficum plastid genome is a result of tertiary plastid

replacing a previous secondary plastid. Dinoflagellate lineages that

have undergone plastid replacements, including Lepidodinium

chlorophorum (green plastid) and Karenina brevis (haptophyte-derived

plastid) have been shown to contain a phylogenetic mosaic of

plastid targeted, nuclear encoded genes reflecting the previous

Figure 4. K. veneficum multigene plastid phylogeny. Maximum likelihood tree inferred by RAxML based on the concatenated alignment of
psaA, psaB, psbA, psbC, psbD, and rbcL genes confirms the phylogenetic placement of the K.veneficum plastid. Dots display 100% bootstrap support.
doi:10.1371/journal.pone.0019132.g004
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photosynthetic evolutionary history of the species [9,11]. The

evolutionary adaptation from one functional plastid to another –

including reuse of some of the genes from the previous

endosymbiont – is likely to accelerate, rather than conserve,

evolution of the plastid-encoded genes of the new endosymbiont.

To what extent the divergent plastid genome of K. veneficum is a

result of processes associated with adaptation of the new

endosymbiont to an evolutionary mosaics of the plastid-targeted

genome, remains to be investigated.

Materials and Methods

Culturing
A K. veneficum culture (UIO083) obtained from the algal

collection at the Department of Biology, University of Oslo,

Norway, was grown in K 6 IMR medium [34] prepared from

filtered seawater. Bacteria were removed from the culture by

antibiotic treatment using a mixture of penicillin, streptomycin

and gentamycin (100/50/50 mg/L respectively) and one drop of

bacteria-test medium (K 6 IMR medium supplemented with 1 g

trypton and 0.25 g yeast extract per L) for 94 h. The culture was

tested for the presence of bacteria using bacteria-test medium and

flow-cytometry. Both methods tested negative for bacteria,

confirming that the culture was most likely axenic. The culture

was grown with air bubbles in 10 L bottles and harvested using a

flow-through centrifuge. The cells were snap-frozen in liquid

nitrogen, freeze-dried and stored at 280uC.

Plastid DNA purification and sequencing
Total cellular DNA was extracted and centrifuged in CsCl-

bisbenzimide density gradients according to the method described in

[35]. Each gradient was fractionated into 40 fractions using a Density

Gradient Fractionation System (Brandel, Gaithershurg, MD). The

fractions containing plastid DNA were identified by Southern blot

analyses as follows. Aliquots of all fractions were cut with EcoRI and

size-fractionated on an agarose gel, and then a blot of the gel was

hybridized with a 32P-labelled fragment specific to the K.veneficum

rbcL, psbA, psaA or 23S rDNA. Each probe was prepared by

random labeling of a purified plasmid DNA insert with the NEBlot kit

(New England Biolabs). In each gradient, positive hybidrization

signals were located to five or six AT-rich fractions containing a very

low amount of DNA (,250 ng). These fractions were pooled and

used as a template in rolling circle amplification (RCA) reactions

using the Repli-g kit (Qiagen Inc., Mississauga, Canada) [36]. The

RCA-amplified, plastid DNA was sheared by nebulization to produce

fragments of 1.5 to 2.5 kb that were subsequently cloned into

pSMART-HCKan (Lucigen Corporation, Middleton, WI). A total of

9600 plasmid clones were picked manually and hybridized with the

original plastid DNA used as a template in the RCA reaction. DNA

templates from positive clones were prepared with the QIAprep 96

Miniprep kit (Qiagen Inc., Mississauga, Canada) and sequenced at

Laval University or at the University of Oslo by Sanger sequencing,

using universal primers. Sequences were edited and assembled using

Sequencher 4.8 (GeneCodes, Ann Arbor, MI).

454 Pyrosequencing
The Sanger sequencing of individual plasmids did not yield

sufficient coverage to assemble the K. veneficum genome. We

therefore performed two runs of 454 pyrosequencing [37]. Two

different samples of plastid-enriched DNA were used as a template

for the 454 sequencing (one that had been RCA-amplified as

described above, and another that had not been subjected to RCA).

Each sample consisted of pooled fractions. Pyrosequencing was

performed on a GS FLX (Roche, 454) at the Norwegian

Sequencing Centre (http://www.sequencing.uio.no), according to

the manufacturer protocols. The resulting reads were assembled

using Newbler v2.3 (gsAssembler), using default settings and Celera

v.6.1 [38] with following parametres: overlapper = mer, unitig-

ger = bog, utgErrorRate = 0.03. The resulting contigs were import-

ed into Sequencher 4.8 and assembled together with the sequences

obtained from the clone library. Long range PCR was performed to

fill gaps between the assembled contigs, using the enzyme BD

Advantage (Clontech, CA, USA) on a DNA template isolated

directly from the K. veneficum culture (primer sequences provided in

Table S1). The final contig was parsed, using a custom PERL script,

to obtain the per-contig read depth and consensus sequences as per

[39]. Genes, ORFs and RNAs were identified either as described by

[40] or by ORF Finder, BlastX and BlastN searches against the

database at the National Center for Biotechnology Information

(http://blast.ncbi.nlm.nih.gov/). Transfer RNA genes were identi-

fied using tRNAscan-SE v.1.21 [41].

Phylogenetic analyses
Alignments of the amino acid sequences encoded by psaA,

psaB, psbA, psbC, psbD, and rbcL were constructed for

phylogenetic analyses. The alignments included sequences from

K. veneficum and representatives from all chromist lineages.

Maximum likelihood analyses of the single protein alignments,

as well as the concatenated dataset were performed using the

program RAxML on the Bioportal at University of Oslo (www.

bioportal.uio.no), using the PROTMIXWAG amino acid substi-

tution model. 100 separate phylogenetic analyses from random

starting trees were run. Bootstrap support was inferred using 100

pseudoreplicates with the same model as in the original analyses.

Supporting Information

Figure S1 Genes with unusual features. Genes with

unusual features in the K. veneficum plastid genome.

(EPS)

Table S1 List of primers. Primers used in PCRs for filling

gaps between contigs.

(DOC)

Acknowledgments

KST thanks the UiO for starting grants and RCN for travelling grants. We

thank the Bioportal (www.bioportal.uio.no) for computing resources, the

Norwegian Sequencing Centre (NSC) for performing the 454 sequencing,

professor Dag Klaveness for help with culturing, and Marcel J.W. Veldhuis

for testing for bacteria in our cultures using flow-cytometry.

Author Contributions

Conceived and designed the experiments: TMG MT KST CL KSJ.

Performed the experiments: TMG ME ATK VP AJN CO. Analyzed the

data: TMG MAM ME CL. Wrote the paper: TMG MAM. Designed

additional experiments: ME ATK. Revised the manuscript: ME MT KST

CL KSJ.

References

1. Gray MW, Spencer DF (1996) Organellar evolution. In: Roberts DM, Sharp P,

Alderson G, Collins MA, eds. Evolution of Microbial Life. Cambridge:

Cambridge University Press. pp 109–126.

2. Rodriguez-Ezpeleta N, Brinkmann H, Burey SC, Roure B, Burger G, et al.

(2005) Monophyly of primary photosynthetic eukaryotes: Green plants, red

algae, and glaucophytes. Curr Biol 15: 1325–1330.

Genome Evolution of a Tertiary Plastid

PLoS ONE | www.plosone.org 7 April 2011 | Volume 6 | Issue 4 | e19132



3. Archibald JM (2009) The Puzzle of Plastid Evolution. Curr Biol 19: R81–R88.

4. Shalchian-Tabrizi K, Minge MA, Cavalier-Smith T, Nedreklepp JM,
Klaveness D, et al. (2006) Combined heat shock protein 90 and ribosomal

RNA sequence phylogeny supports multiple replacements of dinoflagellate

plastids. J Eukaryot Microbiol 53: 217–224.
5. Watanabe MM, Suda S, Inouye I, Sawaguchi T, Chihara M (1990) Lepidodinium

viride gen. et sp. nov (Gymnodiniales, Dinophyta), a green dinoflagellate with a
chlorophyll A- and B-containing endosymbiont. J Phycol 26: 741–751.

6. Chesnick JM, Morden CW, Schmieg AM (1996) Identity of the endosymbiont of

Peridinium foliaceum (Pyrrophyta): Analysis of the rbcLS operon. J Phycol 32:
850–857.

7. Schnepf E, Elbrachter M (1988) Cryptophycean-like double membrane-bound
chloroplast in the dinoflagellate Dinophysis Ehrenb. - Evolutionary, Phylogenetic

and Toxicological Implications. Botanica Acta 101: 196–203.
8. Tengs T, Dahlberg OJ, Shalchian-Tabrizi K, Klaveness D, Rudi K, et al. (2000)

Phylogenetic analyses indicate that the 199 hexanoyloxy-fucoxanthin-containing

dinoflagellates have tertiary plastids of haptophyte origin. Mol Biol Evol 17:
718–729.

9. Minge MA, Shalchian-Tabrizi K, Tørresen OK, Takishita K, Probert I, et al.
(2010) A phylogenetic mosaic plastid proteome and unusual plastid-targeting

signals in the green-colored dinoflagellate Lepidodinium chlorophorum. BMC Evol

Biol 10: 168.
10. Howe CJ, Nisbet RER, Barbrook AC (2008) The remarkable chloroplast

genome of dinoflagellates. J Exp Bot 59: 1035–1045.
11. Nosenko T, Lidie KL, Van Dolah FM, Lindquist E, Cheng JF, et al. (2006)

Chimeric plastid proteome in the florida ‘‘red tide’’ dinoflagellate Karenia brevis.
Mol Biol Evol 23: 2026–2038.

12. Patron NJ, Waller RF, Keeling PJ (2006) A tertiary plastid uses genes from two

endosymbionts. J Mol Biol 357: 1373–1382.
13. Martin W, Stoebe B, Goremykin V, Hansmann S, Hasegawa M, et al. (1998)

Gene transfer to the nucleus and the evolution of chloroplasts. Nature 393:
162–165.

14. McFadden GI (1999) Plastids and protein targeting. J Eukaryot Microbiol 46:

339–346.
15. Oudot-Le Secq M-P, Grimwood J, Shapiro H, Armbrust EV, Bowler C, et al.

(2007) Chloroplast genomes of the diatoms Phaeodactylum tricornutum and
Thalassiosira pseudonana: comparison with other plastid genomes of the red

lineage. Mol Genet Genomics 277: 427–439.
16. Sanchez Puerta MV, Bachvaroff TR, Delwiche CF (2005) The complete plastid

genome sequence of the haptophyte Emiliania huxeyi: a comparison to other

plastid genomes. DNA Res 12: 151–156.
17. Douglas SE, Penny SL (1999) The plastid genome of the cryptophyte alga,

Guillardia theta: Complete sequence and conserved synteny groups confirm its
common ancestry with red algae. J Mol Biol 48: 236–244.

18. Howe CJ, Barbrook AC, Koumandou VL, Nisbet RER, Symington HA, et al.

(2003) Evolution of the chloroplast genome. Phil Trans Roy Soc B 358: 99–106.
19. Zhang ZD, Green BR, Cavalier-Smith T (1999) Single gene circles in

dinoflagellate chloroplast genomes. Nature 400.
20. Bjørnland T, Tangen K (1979) Pigmentation and morphology of a marine

fyrodinium (dinophyceae) with a major carotenoid different from peridinin and
fucoxanthin. J Phycol 15: 457–463.

21. Yoon HS, Hackett JD, Bhattacharya D (2002) A single origin of the peridinin-

and fucoxanthin-containing plastids in dinoflagellates through tertiary endo-
symbiosis. Proc Natl Acad Sci U S A 99: 11724–11729.

22. Takishita K, Ishida KI, Maruyama T (2004) Phylogeny of nuclear-encoded
plastid-targeted GAPDH gene supports separate origins for the peridinin- and

the fucoxanthin derivative-containing plastids of dinoflagellates. Protist 155:
447–458.

23. Ishida K, Green BR (2002) Second- and third-hand chloroplasts in

dinoflagellates: Phylogeny of oxygen-evolving enhancer 1 (PsbO) protein reveals
replacement of a nuclear-encoded plastid gene by that of a haptophyte tertiary

endosymbiont. Proc Natl Acad Sci U S A 99: 9294–9299.

24. Shalchian-Tabrizi K, Skanseng M, Ronquist F, Klaveness D, Bachvaroff TR,
et al. (2006) Heterotachy processes in rhodophyte-derived secondhand plastid

genes: Implications for addressing the origin and evolution of dinoflagellate

plastids. Mol Biol Evol 23: 1504–1515.

25. Stoebe B, Kowallik KV (1999) Gene-cluster analysis in chloroplast genomics.

Trends Genet 15: 344–347.

26. Janouskovec J, Horak A, Obornik M, Lukes J, Keeling PJ (2010) A common red
algal origin of the apicomplexan, dinoflagellate, and heterokont plastids. Proc

Natl Acad Sci U S A 107: 10949–10954.

27. Barbrook AC, Santucci N, Plenderleith LJ, Hiller RG, Howe CJ (2006)
Comparative analysis of dinoflagellate chloroplast genomes reveals rRNA and

tRNA genes. BMC Genomics 23: 297.

28. Nelson MJ, Dang Y, Filek E, Zhang Z, Yu VW, et al. (2007) Identification and
transcription of transfer RNA genes in dinoflagellate plastid minicircles. Gene

392: 291–298.

29. Imanian B, Pombert JF, Keeling PJ (2010) The complete plastid genomes of the
two ‘dinotoms’ Durinskia baltica and Kryptoperidinium foliaceum. PLoS ONE 5:

e10711.

30. Lin S, Zhang H, Spencer DF, Norman JE, Gray MW (2002) Widespread and
extensive editing of mitochondrial mRNAs in dinoflagellates. J Mol Biol 320.

31. Zauner S, Greilinger D, Laatsch T, Kowallik KV, Maier UG (2004)

Substitutional editing of transcripts from genes of cyanobacterial origin in the
dinoflagellate Ceratium horridum. FEBS Lett 577: 535–358.

32. Wang Y, Morse D (2006) Rampant polyuridylylation of plastid gene transcripts

in the dinoflagellate Lingulodinium. Nucl Acids Res 34: 659–668.

33. Dang Y, Green BR (2009) Substitutional editing of Heterocapsa triquetra

chloroplast transcripts and a folding model for its divergent chloroplast 16S

rRNA. Gene 442: 73–80.

34. Eppley RW, Holmes RW, Strickland JDH (1967) Sinking rates of marine

phytoplankton measured with a fluorometer. J exp mar biol ecol 1: 191–208.

35. Turmel M, Otis C, Lemieux C (1999) The complete chloroplast DNA sequence
of the green alga Nephroselmis olivacea: insights into the architecture of ancestral

chloroplast genomes. Proc Natl Acad Sci USA 31: 10248–10253.

36. Dean FB, Nelson JR, Giesler TL, Lasken RS (2001) Rapid amplification of

plasmid and phage DNA using Phi 29 DNA polymerase and multiply-primed

rolling circle amplification. Genome Res 11: 1095–1099.

37. Margulies M, Egholm M, Altman WE, Attiya S, Bader JS, et al. (2005) Genome

sequencing in microfabricated high-density picolitre reactors. Nature 437:

376–380.

38. Myers EW, Sutton GG, Delcher AL, Dew IM, Fasulo DP, et al. (2000) A Whole-

Genome Assembly of Drosophila. Science 287: 2196–2204.

39. Nederbragt AJ, Rounge TB, Kausrud KL, Jakobsen KS (2010) Identification
and quantification of genomic repeats and sample contamination in assemblies

of 454 pyrosequencing reads. Sequencing 2010.

40. Turmel M, Otis C, Lemieux C (2006) The chloroplast genome sequence of Chara

vulgaris sheds new light into the closest green algal relatives of land plants. Mol

Biol Evol 23: 1324–1338.

41. Lowe TM, Eddy SR (1997) tRNA scan-SE: A program for improved detection
of transfer RNA genes in genomic sequence. Nucl Acids Res 25: 955–964.

Genome Evolution of a Tertiary Plastid

PLoS ONE | www.plosone.org 8 April 2011 | Volume 6 | Issue 4 | e19132


