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Abstract: Dinoflagellates are a diverse and widely distributed protist group, of major environmental and economic importance. Many, but 
not all, are photosynthetic. Many of the photosynthetic species contain a secondary chloroplast of red algal origin with peridinin as an 
accessory pigment. These organisms have a highly anomalous chloroplast genome that is fragmented into plasmid-like molecules and 
highly reduced, encoding 12 proteins involved in photosynthetic light reactions as well as rRNA and some tRNAs. Chloroplast transcripts 
receive 3’ polyU tails, and many undergo RNA editing. Some lineages have replaced chloroplasts with others from non-dinoflagellate taxa, 
and in some instances the unusual processing pathways are applied to the newly acquired chloroplasts. Some non-photosynthetic lineages 
have lost chloroplast genomes, and others may have lost chloroplasts altogether.
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Introduction

Dinoflagellate algae are found in aquatic environments the 
world over. These remarkably diverse single-celled eukary-
otic algae are key components of coral reefs, the causative 
agents of shellfish poisoning, and the culprits behind red 
tides. About half of dinoflagellate species are photosyn-
thetic, containing a chloroplast. The majority of those con-
tain the carotenoid peridinin as an accessory pigment. In 
some dinoflagellate groups the peridinin chloroplast has 
been lost and replaced with another from another eukary-
ote. For example, a number of species have a fucoxanthin-
containing chloroplast derived from a haptophyte alga. 
Some of the non-photosynthetic species also contain a rem-
nant chloroplast (Janouškovec et al. 2017), although at least 
one, Hematodinium sp., has lost the organelle completely 
(Gornik et al. 2015). In 1999, peridinin dinoflagellates were 
reported to have an extraordinary fragmented chloroplast 
genome (Zhang et al. 1999). We reviewed this genome in 
2008 (Howe et al. 2008), but although ten years on signifi-
cant progress has been made there are still many questions 
outstanding.

Organization of the chloroplast genome

Unlike most other photosynthetic eukaryote species, the peri-
dinin-containing dinoflagellates do not have a conventional 
chloroplast genome. Instead (Fig. 1), the genome is frag-
mented into multiple 2–5 kb plasmid-like molecules, termed 
minicircles (Zhang et al. 1999; Barbrook & Howe 2000). 
Each minicircle contains a core region, which is assumed to 
include an origin of replication (Nisbet et al. 2008), together 
with one to four genes, although one is most common. In 
addition, there are reports of ‘empty’ minicircles, which 
do not contain any genes, ‘microcircles’ (300–500 bp) and 
‘jumbled’ circles, where recombination events have given 
rise to chimeric minicircles (Nisbet et al. 2004; Zhang et al. 
2001).

Twelve protein coding genes have been consistently found 
in peridinin-containing dinoflagellate chloroplasts: atpA, 
atpB, petB, petD, psaA, psaB, psbA, psbB, psbC, psbD, psbE, 
and psbI. In addition, sequences representing large and small 
subunit rRNAs are also present, although the rRNAs may be 
encoded as separate fragments. No other protein coding genes 
of plastid origin have been conclusively demonstrated in any 
peridinin-containing dinoflagellate chloroplast. This picture 
was initially formed from analyses of DNA sequences obtained 
by a variety of approaches (Howe et al. 2008; Barbrook et al. 
2014; Dang & Green 2009; Mungpakdee et al. 2014), and has 
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subsequently been confirmed by analysis of extensive tran-
scriptome resources (Dorrell et al. 2017).

Why are there only 12 protein coding genes on the chlo-
roplast genome? Most chloroplasts contain about ten times 
more genes. The difficulty of providing a full set of minicir-
cles to each daughter cell on division may have provided a 
strong selective advantage for the transfer of genes to the 
nucleus (assuming fragmentation occurred prior to the trans-
fer of those genes). But why is this particular subset of chlo-
roplast genes retained? The answer probably comes from the 
CORR (CO-location for Redox Regulation) theory which 
proposes that a rapid response to redox imbalances during 
photosynthesis requires that the genes for key components of 
the electron transfer chain are retained in the same intracellu-
lar compartment as the complexes themselves (Allen 2017). 
Consistent with CORR, these twelve genes encode the first 
proteins assembled into each complex in the photosynthetic 
electron transport chain: PsbA/PsbI and PsbD/PsbE for 
Photosystem II, followed by PsbC and PsbB (Heinz et al. 
2016), PetB/PetD for the cytochrome b6f complex (Kuras & 
Wollman 1994), PsaA/PsaB for Photosystem I (Yang et al. 
2015), and AtpA/AtpB for ATP synthase (Schöttler et al. 

2015). Although some of the proteins that are assembled into 
the complexes later are chloroplast-encoded in other organ-
isms, their genes have been transferred to the nucleus in 
dinoflagellates.

In addition to the identified minicircle genes, genes ycf16 
and ycf24 have been reported from minicircles in Ceratium 
horridum (Laatsch et al. 2004) and rpl28 and rpl33 from 
minicircles in Pyrocystis lunula. All four have been proposed 
to be derived horizontally from Bacteroidetes (Moszczynski 
et al. 2011). However, the chloroplast location of these 
sequences has been questioned, and is discussed further in 
Frequently asked questions below. Four other open reading 
frames have been located in the chloroplast DNA of A. cart-
erae, designated ORF1-4 (Barbrook et al. 2012). They have 
been shown to give rise to processed transcripts (Barbrook 
et al. 2012), but are very restricted in their taxonomic dis-
tribution, as discussed in Frequently asked questions below 
(Dorrell et al. 2017).

In addition to the protein-coding and rRNA genes men-
tioned above, a small number of tRNA genes have been iden-
tified. Initial discoveries were made in Amphidinium carterae 
and Heterocapsa triquetra (Barbrook et al. 2006; Nelson et al. 

Fig. 1. The fragmented Amphidinium carterae chloroplast genome. The core region of each minicircle is shown in red, protein coding 
genes in green, rRNA genes in blue and the single tRNA gene in yellow. The small dash indicates position 1 in the NCBI accession 
for each minicircle. (Note that there is no empty minicircle 4 as it was subsequently found to encode trnM/16S rRNA). All minicircles 
are shown to scale.



The complexity of the dinoflagellate chloroplast genome 3

2007). Both species contain a putative initiator methionine-
tRNA gene, and H. triquetra also has proline- and trypto-
phan-tRNA genes. No tRNA genes have been identified in 
any of the extensively investigated Symbiodinium chloroplast 
genomes (Barbrook et al. 2014; Mungpakdee et al. 2014). 
Taken together, the observations above suggest that while the 
protein coding content of the chloroplast genome is effectively 
static and conserved, the tRNA coding content is variable.

It is interesting that in H. triquetra the tRNA genes are 
found in tandem arrays positioned shortly after some of the 
protein coding sequences. It is possible that in these cases 
the excision of the tRNAs from the polycistronic primary 
transcripts facilitates generation of the 3’ end of the preced-
ing mRNA. This would be analogous to the processing of 
the transcripts within the remnant chloroplast of the api-
complexan Plasmodium (Nisbet et al. 2016). In contrast, in 
Amphidinium carterae the initiator methionine-tRNA gene 
precedes the small subunit rRNA gene and in Amphidinium 
massartii the initiator methionine-tRNA gene is not found 
adjacent to any gene, though it is located on the psbA 
minicircle. It therefore appears that the retention of tRNA 
genes in the plastid, and their location relative to other genes 
are highly variable across dinoflagellates.

Other fragmented chloroplast genomes
There are very few examples of similar chloroplast genomes 
in other organisms. The chloroplast genome of the green alga 
Koshicola spirodelophila is fragmented into three chromo-
somes, although the gene content is not greatly different from 
other chloroplasts (Watanabe et al. 2016). In the green alga 
Boodlea composita (a member of the Cladophorales), and 
possibly also in other members of the order, the chloroplast 
genome is reduced to 21 protein coding genes and the 16S 
rRNA gene. The genome is also fragmented, with the genes 
located on hairpin chromosomes, together with gene frag-
ments and repetitive elements (Cortona et al. 2017). Based 
on the number of separate contigs, there may be as many as 
34 chromosomes. All the genes found in the peridinin chlo-
roplast genome, with the exception of those for 23S rRNA, 
tRNAs, and PsbI, are also found in the Boodlea chloroplast 
genome. In addition the latter has atpH, atpI, petA, psaC, 
psbF, psbJ, psbK, psbL, psbT and rbcL genes (Cortona et al. 
2017). There is therefore a high degree of convergence in 
content between the genomes, suggesting a functional reason 
for the retention of particular genes.

Location of minicircles
For many years, there was only indirect evidence that the 
minicircles are indeed in the chloroplast, namely: a) the 
genes on minicircles are typically found in chloroplasts in 
other species, b) there is no N-terminal targeting sequence 
encoded in each minicircle gene, suggesting that the protein 
products are utilized in the compartment where they are syn-
thesized, c) transcripts do not receive the polyA tail that is 

typical of nuclear transcripts, d) transcripts do not undergo 
the 5’ trans-splicing characteristic of dinoflagellate nuclear 
transcripts (Zhang et al. 2007), and e) in situ hybridization 
revealed that Symbiodinium psbA transcripts were located 
in the chloroplast (Takishita et al. 2003). Owari et al. (2014) 
provided direct evidence that minicircle DNA (rather than 
transcripts) is located in the chloroplast, using in situ hybrid-
ization of psbA and 23S genes from Amphidinium massartii. 
It seems reasonable to assume that the other minicircles are 
located in the chloroplast.

Expression of the chloroplast genome

How are the minicircle genes transcribed? Initial studies 
using northern blots to study transcripts from minicircles 
indicated that the predominant transcripts corresponded to 
the expected sizes of individual genes (e.g. Barbrook et al. 
2001; Wang & Morse 2006; Dang & Green 2010). However, 
northern analyses also revealed the presence of longer tran-
scripts of low abundance (Wang & Morse 2006; Nisbet et al. 
2008; Barbrook et al. 2012), confirmed by RT-PCR (Nelson 
et al. 2007; Nisbet et al. 2008). These long transcripts also 
include the core region (Dang & Green 2010; Barbrook 
et al. 2012). Even longer transcripts containing multiple 
copies of minicircles, and including two copies of the core 
region, are also present. Assuming there are no minicircles 
that actually contain two core regions, this indicates that 
minicircles undergo rolling circle transcription, where the 
whole minicircle is transcribed multiple times (Dang and 
Green 2010; Barbrook et al. 2012). Following transcription, 
the long primary transcripts are cleaved to give individual 
mRNA, tRNA or rRNA molecules.

A 3’ polyU tail
Unlike the situation in plant and other algal chloroplasts, a 
polyU tail is added to the 3’ end of protein-coding transcripts 
(Wang & Morse 2006; Nelson et al. 2007). The distance of 
the polyU addition site from the end of the coding sequence 
is 4–18 nucleotides in A. carterae (and 16–20 for psbA in 
Lingulodinium polyedra), and the tail is between 10 and 40 
nt long, or 25–40 for psbA and atpB in L. polyedra (Wang & 
Morse 2006; Barbrook et al. 2012). The tail is not encoded 
by the minicircle, and so must be added post-trancriptionally. 
Analysis of transcripts for various genes in multiple species 
suggests some have defined positions of polyU addition but 
this is not always the case (Wang & Morse 2006; Barbrook 
et al. 2012; Dorrell et al. 2017).

In some species, minicircles contain multiple genes, and 
primary transcripts are polycistronic. In A. carterae, polyU 
tails have been identified on polycistronic transcripts, both 
dicistronic (e.g. petD/ORF2, ORF1/psbI, petB/atpA) and tri-
cistronic psbE/ORF1/psbI (Barbrook et al. 2012). No mono-
cistronic petD transcripts have been identified, suggesting 
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that this mRNA exists only in polycistronic form. The pres-
ence of a polyU tail was used to confirm the presence of 
novel chloroplast ORFs in A. carterae; transcripts of ORF1, 
2, 3 and 4 all gain a polyU tail (Barbrook et al. 2012).

5’ end processing
For some genes, the majority of 5’ UTRs are of the same 
length (35 nucleotides in the case of the A. carterae petD/
ORF2 transcripts), suggesting precise processing. However, 
some genes have transcripts with a range of UTRs, some of 
which can be hundreds of nucleotides long, e.g. 350 nt in 
A. carterae psbA (Barbrook et al. 2012). Completion of pro-
cessing at one end does not appear to be linked with comple-
tion of processing at the other, suggesting processing of the 
5’ and 3’ ends is independent.

RNA editing
Outside the dinoflagellates, editing of chloroplast tran-
scripts is essentially restricted to land plants and an iso-
lated instance in Plasmodium (Barbrook et al. 2010; Nisbet 
et al. 2016). Editing of chloroplast transcripts occurs in 
dinoflagellates, but there is considerable variation in the 
extent across species, and the point in dinoflagellate evolu-
tion when it arose is unclear (Janouškovec et al. 2017). Some 
species, such as Symbiodinium, undergo extensive RNA 
editing (Zauner et al. 2004; Wang & Morse 2006; Dang & 
Green 2009; Mungpakdee et al. 2014), while others, such as 
Amphidinium, do not undergo RNA editing (Barbrook et al. 
2001). The most common edit in all species is A–G, account-
ing for about three quarters of all events. Nearly nine in ten 
(88%) Symbiodinium minutum editing events result in amino 
acid substitutions (Mungpakdee et al. 2014).

There are several consequences of editing. In many dino-
flagellate species, editing events remove premature stop 
codons (Mungpakdee et al. 2014; Zauner et al. 2004), or 
change a predicted AUA start codon to AUG (Zauner et al. 
2004). Additionally, editing sites are more likely to occur in 
regions encoding helices from the core transmembrane pro-
teins. Analysis of predicted protein 3D models shows that the 
editing tends to change properties of proteins, reducing the 
molecular weight and increasing hydropathy (Mungpakdee 
et al. 2014). Klinger et al. (2018) argued for global patterns 
and consequences of editing across taxa, although individ-
ual events were typically restricted to single species. Their 
study suggested editing helped reduce the deleterious conse-
quences of mutations.

Editing is likely to occur late in post-transcriptional pro-
cessing, as polycistronic molecules appear not to be edited 
but monocistronic molecules generally are. Transcripts 
with a polyU tail have undergone editing, indicating that 
editing occurs before or concomitantly with polyU addi-
tion (Dang & Green 2009). It is unclear what the editing 
mechanism is, but it should be noted that dinoflagellate 
mitochondrial transcripts are also extensively edited (Lin 
et al. 2002).

Replacement plastids

The ancestral plastid, found in peridinin dinoflagellates, is 
of red algal origin (as reviewed by Dorrell & Howe 2015). 
However, many dinoflagellate species are now non-photo-
synthetic, and some may have lost the plastid. Other groups 
of dinoflagellates have instead replaced the original chloro-
plast with a chloroplast (or even a whole organism, includ-
ing other organelles) of haptophyte, diatom, green algal or 
cryptophyte origin (Waller & Koreny 2017).

In lineages containing a chloroplast of haptophyte origin, 
such as Karlodinium veneficum, the chloroplast genome con-
tains about half as many genes as chloroplasts of free-living 
haptophytes (Gabrielsen et al. 2011; Dorrell et al. 2016). 
The missing genes have either been lost or transferred to the 
nucleus, and the remaining gene order has been reshuffled 
(Gabrielsen et al. 2011). A functional minicircle containing 
dnaK has been identified, suggesting that genome fragmen-
tation is occurring (Espelund et al. 2012; Richardson et al. 
2014). Both RNA editing and the addition of a polyU tail are 
seen in these replacement chloroplasts – events that do not 
occur in the chloroplasts of free-living haptophytes. What 
is more, the pattern of editing events appears to be similar 
between fucoxanthin and peridinin chloroplasts. Presumably 
these RNA processing pathways were retained from the 
ancestral peridinin chloroplast and applied to the replace-
ment chloroplast (Dorrell & Howe 2012; Jackson et al. 2013; 
Richardson et 2014; Klinger et al. 2018).

In contrast, dinoflagellates containing a chloroplast of 
diatom origin (‘dinotoms’) also contain a diatom nucleus 
and mitochondrion (Burki et al. 2014). The chloroplast 
genome resembles that of a free-living diatom (Imanian et al. 
2010), and there are only low levels of gene transfer to the 
host nucleus (Burki et al. 2014). There is no RNA editing 
or polyU tail addition (Richardson et al. 2014), suggesting a 
lower level of genetic integration with the host dinoflagellate.

Lepidodinium species contain a chloroplast of green 
algal origin, most likely from within the pedinophytes. The 
Lepidodinium chloroplast genome has 14 or so conserved 
genes fewer than in free-living pedinophytes (Matsumoto 
et al. 2011; Kamikawa et al. 2015). There is no evidence of 
RNA editing or polyU tails (Richardson et al. 2014).

Finally, Dinophysis and some other dinoflagellate spe-
cies contain a plastid of cryptophyte origin (Park et al. 
2014). There has been considerable debate as to whether 
this should be regarded as a permanent or transient chloro-
plast, often referred to as a ‘kleptochloroplast’ (Park et al. 
2008; Garcia-Cuetos et al. 2010). Dinophysis acquires this 
cryptophyte chloroplast from prey, and changing the prey 
species results in a gradual replacement of the chloroplast 
to that of the new prey, strongly indicating that the chlo-
roplast is not permanent (Raho et al. 2014). On the other 
hand, the chloroplast can be retained for some months in 
the absence of prey, and shows photoregulation of pigment 
production (Hansen et al. 2016), indicating a degree of sta-
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bility in the relationship (although whether photoregulation 
is determined by the host is not clear). It would be interest-
ing to examine transcripts in the acquired chloroplast for 
the occurrence of RNA editing and addition of polyU tails, 
which would indicate significant integration with the host 
at the genetic level, as is the case in haptophyte-derived 
replacement dinoflagellate chloroplasts. The relationship 
between the chloroplast and the host is further complicated 
by transcriptomic evidence for a cryptic, non-photosyn-
thetic chloroplast in Dinophysis that provides the host with 
essential biochemical functions (Janouškovec et al. 2017). 
The relationship of the two chloroplasts of Dinophysis to the 
host clearly merits further study.

Chloroplast loss – or not?

Only half of dinoflagellate species can carry out photosyn-
thesis. It has long been assumed that the remaining spe-
cies do not contain a chloroplast, having lost the ancestral 
organelle. Indeed, there is evidence for the transfer of non-
photosynthetic organelle function to the cytosol in the early-
branching parasitic species Hematodinium. This allowed for 
complete loss of the chloroplast in this species (Gornik et al. 
2015). However, extensive transcriptomic analysis of two 
free-living, non-photosynthetic dinoflagellates (Oxyrrhis 
marina and Noctiluca scintillans) revealed the presence 
of several genes encoding proteins with bipartite target-
ing sequences, typical of that seen in proteins targeted to 
the chloroplast, suggesting a chloroplast had been retained 
(Janouškovec et al. 2017). These encode proteins in chlo-
roplast pathways of isoprenoid and tetrapyrrole biosynthe-
sis (Janouškovec et al. 2017). It seems highly likely that 
most, and possibly all, free-living non-photosynthetic dino-
flagellates retain a remnant chloroplast without a genome 
(Janouškovec et al. 2017). The dinotoms (see above) appear 
to have supplemented their remnant ancestral chloroplast 
with a photosynthetic one of diatom origin (Hehenberger 
et al. 2014).

Frequently asked questions

Is there a master chloroplast chromosome, from which the 
minicircles are derived? Although this is an attractive idea, 
no evidence for a master chromosome has been detected, 
in Southern blotting, in searches of genome sequences 
(Shoguchi et al. 2013; Lin et al. 2015) or by PCR. In addition, 
no transcripts have been identified which contain sequences 
from multiple minicircles, which would be expected if a 
master circle were present. Furthermore, the genes that are 
not found on minicircles but would be expected on a con-
ventional chloroplast genome appear to be located in the 
nucleus. Therefore, it seems most likely that the collection 
of minicircles represents the only chloroplast genome.

Are there additional minicircle genes, not yet identified? As 
noted above, Moszczyński et al. (2012) reported that some 
genes had been laterally transferred from bacteria into the 
dinoflagellate chloroplast (ycf16 and ycf24 in Ceratium hor-
ridum, and rpl28 and rpl33 in Pyrocystis lunula). However, 
a recent analysis showed that transcripts from these genes 
(or homologues in other dinoflagellates) did not have polyU 
tails, although some had a polyA tail and spliced leader 
sequence, indicating a nuclear localization (Dorrell et al. 
2017).

The Marine Microeukaryote Transcriptome Sequencing 
Project (MMETSP) (Keeling et al. 2014) has provided a 
wealth of sequence data for marine algae. It was recently 
mined for further dinoflagellate sequences that could be 
on minicircles within the chloroplast, as indicated by the 
presence of a polyU tail. This approach showed that of 
the four ORFs in A. carterae referred to above, only three 
(ORFs 1–3) could be identified elsewhere. These were 
in another Amphidinium species, A. massartii, and were 
poorly conserved. Other possible plastid ORFs were also 
of very limited distribution (Dorrell et al. 2017). Overall, 
although we cannot exclude the existence of additional 
coding minicircles, they are likely to be limited in distri-
bution, and the functions of their products are unknown. 
Their limited distribution could reflect recent acquisition, 
either through lateral transfer, or as novel genes generated 
in situ.

Conclusion

The fragmentation and reduction of the dinoflagellate chlo-
roplast genome gave rise to a number of novel difficulties to 
overcome in maintaining and regulating a complete set of 
the remaining genes, as well as importing the proteins and 
RNAs whose genes were relocated to the nucleus, hence 
the title of this review. Although our understanding of the 
organisation and expression of the minicircles has improved 
dramatically over the last 20 years, a number of important 
questions remain.
a) What is the role, if any, of the empty minicircles? Do 

they, for example, direct the synthesis of noncoding 
RNAs?

b) How are replication, transcription and post-transcrip-
tional processing controlled? Are there trans-acting 
factors and cis-acting sequences that are responsible? 
In particular, if the genome is retained to allow redox 
control, how is this brought about?

c) How are tRNAs imported?
d) How are minicircles partitioned during division? Does 

the fragmentation of the genome account for the replace-
ment of chloroplasts in so many lineages?

e) What are the functions of the lineage-specific ORFs?
f) What caused the fragmentation of the genome in the first 

place?



6 A.C. Barbrook, C.J. Howe & R.E.R. Nisbet

Having a reliable dinoflagellate chloroplast transformation 
system would help in answering many of these questions. 
Nevertheless, based on the rest of dinoflagellate biology, the 
answers are unlikely to be simple.
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