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Substitutional editing of transcripts from genes of cyanigbacterial origin
in the dinoflagellate Ceratium horridum
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Abstract Peridinin-containing dinoflagellates, a group of alve-
olate organisms, harbour small plasmids called minicircles. As
most of these minicircles encode genes of cyanobacterial origin,
which are also found in plastid genomes of stramenopiles, they
were thought to represent the plastid genome of peridinin-
containing dinoflagellates. The analyses of minicircle derived
mRNAs and the 16S rRNA showed that extensive editing of
minicircle gene transcripts is common for Ceratium horridum.
Posttranscriptional changes occur predominantly by editing A
into G, but other types of editing including a previously
unreported A to C transversion were also detected. This leads
to amino acid changes in most cases or, in one case, to the
elimination of a stop-codon. Interestingly, the edited mRNAs
show higher identities to homologous sequences of other perid-
inin-containing dinoflagellates than their genomic copy. Thus,
our results imply that transcript editing of genes of cyanobac-
terial origin is species specific in peridinin-containing dinoflagel-
lates and demonstrate that editing of genes of cyanobacterial
origin is not restricted to land plants.

© 2004 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Dinoflagellates are unusual unicellular eukaryotes [1-7]. The
spontaneous occurrence of red tides and the sensitive symbi-
osis with corals highlighted the dinoflagellates important role
in ecosystem stability [8]. In the heterogeneous group of di-
noflagellates about 50% are phototrophs, most of them con-
tain chlorophyll ¢, and peridinin as the main carotenoids.
Dinoflagellates possess characteristics that are unique for eu-
karyotic organisms. Examples for this are the high amount of
permanently condensed nuclear DNA in most species [9,10],
the lack of histone proteins and consequently of nucleosomes
[11-13], proteins encoded as polyproteins [14,15], and, in the
case of peridinin-containing dinoflagellates, a proteobacterial-
like nuclear encoded type II RuBisCO [16,17]. As recently
shown, dinoflagellates are furthermore the “champions” in
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successfully transferring genes from the plastid into the cell
nucleus [18,19]. Whether the plastids of peridinin-containing
dinoflagellates, surrounded by an envelope of three mem-
branes, evolved through secondary or tertiary endosymbiosis
remains controversial to date [7,20,21].

Plastid genomes of most eukaryotes are circular molecules
100-200 kb in length [22,23]. This is thought not to be the case
in peridinin-containing dinoflagellates such as Heterocapsa,
Amphidinium and Symbiodinium, which harbour minicircles
encoding one or sometimes two genes. “Empty minicircles”
without gene sequences are also encountered [1-6,24].

Several database entries of minicircle-encoded genes show
that the coding regions are not preceded by an initiator me-
thionine codon. As dinoflagellates are furthermore known to
edit mitochondrial genes [25], 4. operculatum was studied to
assess whether an initiator codon was posttranscriptionally
created by RNA editing of minicircle-derived transcripts.
These experiments revealed that this is not the case [5] and
RNA editing of genes of cyanobacterial origin was thus con-
sidered to be restricted to higher plants [26,27].

2. Materials and methods

2.1. Data deposition
GenBank Accession Nos.: AJ628833-AJ628838, AF490362, and
AF490358.

2.2. Strain
C. horridum was obtained and cultivated as described [28].

2.3. RNA isolation and RT-PCR

RNA was isolated using the peqGold RNAPure FL isolation kit (peq-
Lab Biotechnologie GmbH) following the manufacturer’s instructions.
RT-PCRs were performed using the cMaster™ RTy,PCR System (Ep-
pendorf). The purity of the RNA preparation was checked by PCR without
reverse transcriptase. The primers are listed in Supplement Table 1.

2.4. Cloning and sequencing

RT-PCR products were ligated into pGEM®-T vektor (Promega),
amplified in Escherichia coli MRF’ and sequenced on a Li-Cor 4200
sequencer (MWG-Biotech) using IRD700/IRD800 labelled M13-20
standard primers and the ‘Thermosequenase Fluorescent Labelled
Primer Cycle Sequencing Kit with 7-deaza-dGTP’ (Amersham). At
least three clones of independent PCRs were sequenced. Alignments
were assembled using Sequencher (GeneCodes).

3. Results and discussion

We have isolated minicircles from the dinoflagellate
Ceratium horridum [28], which resemble those of other
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dinoflagellates [1-6]: minicircles are small replicons, usually
encoding one, rarely two genes of cyanobacterial origin, and
sometimes no genes. When possible, we isolated minicircle
genes from total DNA for cloning instead of amplifying them
by PCR. This Protocol succeeded in isolating a minicircle en-
coding a psbB-gene, in which the genomic sequence of the
potential coding region is interrupted by a frameshift caused
by a 17 bp insertion. This finding prompted us to test if a
second psbB-encoding minicircle with a perfect coding region
exists in C. horridum. We thus amplified psbB genes using
different primer pairs surrounding the 17 bp insertion and
isolated a second psbB-gene which is identical to the genomic
clone, but lacks the 17 bp insertion. Thus, two psbB genes exist
in C. horridum, which are identical in their sequence except for
the 17 bp insertion.

RT-PCR experiments were used to test the psbB transcripts.
These showed two different transcripts in high resolution
polyacrylamide gels, one identical in length to the insertion
harbouring genomic copy and the second with a smaller size.
Sequencing of the cloned RT-products indicated that the
smaller amplified product represents either the transcript of the
insertion-less psbB-gene or a spliced product of the insertion-
harbouring gene, whereas the longer transcript was identical to
the genomic copy containing the 17 bp insertion. To our sur-
prise, the mature insertion-less psbB transcript differs from its
respective DNA sequence by extensive editing (Table 1). We
were not able to identify this edited sequence on the DNA level
using PCR with primers derived from unedited parts of the
sequences. From 1553 bases analysed, the psbB transcript is
edited at 86 positions, corresponding to 5.5% of nucleotide
substitutions. Predominantly, A to G transitions were detected
(32 positions), followed by 29 editing events changing U to C
(Table 1). Remarkably, two further transversions were iden-
tified: G to C, which is only known for mitochondrial mRNAs
in some dinoflagellates [25] and A to C, which was previously
unreported for any edited RNA. Editing was found at all three
codon positions leading to 76 amino acid and 6 silent changes
(Table 1). Interestingly, 34 editing events increase the amino
acid sequence identity of the edited transcript of pshB with its
homologous gene of Heterocapsa triquetra (Fig. 1(a)). In
contrast, only 7 amino acid changes caused by editing impair
the percentage rate of identity.

To characterize editing of cyanobacterial-derived gene
transcripts in C. horridum in more detail, we included three
further minicircle-encoded genes and their transcripts in our
analyses: psbE, psaA, and a part of a putative 16S rRNA gene
of C. horridum. In the case of the psbE gene and transcript, we
identified a genomic sequence and its corresponding mRNA
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which are identical in length. From this small gene, 171 bases
were analysed for RNA editing. We found changes in the
transcript at 13 positions (7.6%) when compared with the ge-
nomic counterpart. Substitutional editing led to 10 amino acid
changes, one of the editing events being silent. The distribution
of the type of editing is more balanced than in the psbB-
minicircle (Table 1), though A to G as well as G to C changes
were also observed.

The analysis of minicircle-encoded psaA genes of C. horri-
dum revealed two sequences that differ by a 24 bp deletion. RT-
PCR showed that only the gene containing the 24 bp insertion
version is transcribed. Thus, we consider the gene with the
deletion a non-transcribed pseudogene. In a total of 1279 bases
of the psaA gene analysed, we detected 104 changes caused by
substitutional editing of the mRNA (8.1%). Of these, ap-
proximately 40% (41 events) are transitions from A to G fol-
lowed by 28 editing events (27%) changing U to C, a
distribution similar to that of the pshB transcript. As in the
mature psbB transcript, we also found G to C and A to C
transversions in the mature psaA transcript, though to a lower
extent (Table 1).

As shown in Fig. 1(b), editing of psaA transforms a stop-
codon into cystein and increases the identity to a homologous
sequence of H. triquetra. 34 editing events increase the identity
of encoded amino acids between the mRNA of C. horridum
and the genomic sequence of H. triguetra, 8 changes by editing
decrease the identity.

Editing also occurs in a minicircle with homology to parts of
a sequence annotated as the rrs gene of H. triguetra. By
analysing the transcript of this minicircle region, we identified
35 substitutional changes (3.6%) in 976 sites investigated
(Table 1). The changes occur predominantly in transitions
from A to G (77%). However, as shown in Table 1, this RNA
has one remarkable editing event that changes U to G, which
was not detected in the mRNAs of minicircle genes investi-
gated thus far. On the other hand, editing changing G to C,
which prior to our findings was only described for transcripts
of mitochondrial origin of some dinoflagellates [25], was not
detected in the putative rrs gene transcript. Again, contrary to
the psbB and psaA minicircle transcripts, editing of the puta-
tive rrs gene decreases the similarity to the H. trigquetra se-
quence significantly (decrease in 14, increase in 9 positions).
Regardless of our doubts as to whether the H. triquetra se-
quence and therefore also the C. horridum homologue indeed
represent functional rrs genes, the noted differences to mRNAs
in distribution and quality of editing could reflect the struc-
tural needs of rRNAs, in which the secondary/tertiary struc-
tures and the interactions with ribosomal proteins, but not

Table 1
Types of substitutions inferred in the C. horridum minicircle genes psaA, psbB, psbE and a putative rrs gene

psaA psbB psbE Ist 2nd 3rd 16S rRNA
A—-G 41 32 2 57 15 3 27
G—A 11 10 3 18 2 4 -
C—U 12 9 2 17 2 4 6
U—-C 28 29 5 27 30 5 1
G—-C 9 5 1 3 10 2 -
A—C 3 1 - 2 2 - -
U—-G - - - - - - 1
% of sites edited 8.1 55 7.6 - - - 3.6

Indicated is the type of substitution, its frequencies in the mRNAs and at the bottom the percentage of sites edited in the genes. Ist, 2nd, and 3rd
indicate the edited codon position within the codons of psaA, psbB and psbE.



S. Zauner et al. | FEBS Letters 577 (2004) 535-538

(a)

.hor genomic:
.hor cDNA
.tri genomic:

20 40

TN

.hor genomic:
.hor cDNA
.tri genomic:

maa

.hor genomic:
.hor cDNA
.tri genomic:

m00

.hor genomic:
.hor cDNA
.tri genomic:

om0

.hor genomic:
.hor cDNA
.tri genomic:

m0n

(b)

C.hor genomic: -----
C.hor cDNA § e
H.tri genomic: MKLF

C.hor genomic:
C.hor cDNA
H.tri genomic:

220 240 260
C.hor genomic: 1! - -BSKSSQFNVI RI, B8S- ----- ¥
C.hor cDNA -- sofvv GRIBSLEGSS - -----
H.tri genomic: i S S FKDEMOVIFPGF VDFgI QKGAASE

= + . s @

C.hor genomic:
C.hor cDNA
H.tri genomic:

C.hor genomic:
C.hor cDNA
H.tri genomic:

+ 4 + + L +

537

60 80 100 1

[CFSF

180 200
MGSS 1. - EfSLYKK s KBESTHHF Cg) S
¥ = N ]
AAY SHSSSERTMGSLSBYNAGQLAT A€

. e se 4w +

400 420

o+ ++ o+ + o e oo .

Fig. 1. Alignments of the amino acid-sequences derived from genomic sequences and the mRNAs of (a) psbB and (b) psaA of C. horridum with the
homologous sequences from H. triquetra (GenBank Accession No. psaA: AAD44698; psbB: AAD44701). “—" indicates decrease in identity, ““+”

TR

indicates increase in identity.

indicates editing events that neither increase nor decrease the degree of identity. (a) Arrow indicates the position of

the 17bp insertion. (b) The in-frame stop codon which is eliminated by substitutional editing is indicated by an arrowhead.

codons or codon usage have to be considered by posttran-
scriptional changes. As this putative rRNA gene is not com-
pletely isolated, we were not able to predict any impact of
editing in respect to the secondary structure of this RNA.
Peridinin-containing dinoflagellates are not only enigmatic
for their genomic organization and the use of a type II Ru-
BisCO, but also because of their unusual minicircles and the
high amount of nucleus-encoded genes for plastid functions
[18,19]. Our results expand this list of aberrant characters of
peridinin-containing dinoflagellates by the detection of RNA
editing of cyanobacterial-derived genes, which prior to our
findings was exclusively reserved for land plants [26]. Inter-
estingly, the editing mechanisms lead to a significantly higher
number of presumed A to I nucleotide changes, which were
identified as an A to G difference between genomic sequence
and edited transcript [29]. In eukaryotes this type of editing is
known as nucleus-specific, causing substitutions in tRNAs

from yeast and mRNAs from nucleus-encoded genes [29]. The
only known A to G editing of organellar transcripts is in
mitochondrial mRNAs of some dinoflagellates [25], where A
to G changes as well as the other here reported editing events
occur in a similar ratio to the minicircle genes of C. horridum.
The exceptions are the previously unreported A to C trans-
versions and the frequent occurrence of G to A conversion in
minicircle encoded transcripts. This leads to the prediction of
the coexistence of a wide variety of editing mechanisms, some
of them still not known. However, the editing sites in mito-
chondrial transcripts of dinoflagellates are clustered outside
the conserved regions [25]. It was therefore speculated that
the nucleus-specific A to G conversion in the mitochondrial
transcripts could be introduced by a guide RNA [25] and not
by a recently characterized family of adenosine deaminases,
which are responsible for catalysing A to G conversions in
nuclear pre-mRNAs [30-32]. We did not observe a clustering
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of editing sites in the transcripts of minicircle-encoded genes,
suggesting that adenosine deaminases are acting on minicircle
transcripts. This may confirm our previous findings that the
minicircles of C. horridum are nucleus localized [28]. How-
ever, the question of whether the transcripts of minicircle-
genes mature in the cell nucleus or whether the RNAs are
imported into the plastid, in which an editing machinery
similar to that of the mitochondrion [25] is working, has yet
to be answered.

As mentioned above, editing of mRNAs of C. horridum
minicircles increases the identity of the encoded protein to the
homologous sequences of H. triquetra or A. operculatum. This
finding, together with the fact that the genes for psbB as well as
psaA and atpB from A. operculatum show no evidence for
RNA editing [5], implies that RNA editing is species specific in
dinoflagellates.

Peridinin-containing dinoflagellates do not seem to be a
consistent group with respect to their minicircles. At least C.
horridum differs significantly from other dinoflagellates by
editing of genes of cyanobacterial origin.
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