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Spliced leader sequences detected in EST data of the dinoflagellates
Cochlodinium polykrikoides and Prorocentrum minimum
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Spliced leader (SL) trans-splicing is a mRNA processing mechanism in dinoflagellate nuclear genes. Although stud-
ies have identified a short, conserved dinoflagellate SL (dinoSL) sequence (22-nt) in their nuclear-encoded transcripts,
whether the majority of nuclear-coded transcripts in dinoflagellates have the dinoSL sequence remains doubtful. In this
study, we investigated dinoSL-containing gene transcripts using 454 pyrosequencing data (Cochlodinium polykrikoides,
93 K sequence reads, 31 Mb; Prorocentrum minimum, 773 K sequence reads, 291 Mb). After making comparisons and
performing local BLAST searches, we identified dinoSL for one C. polykrikoides gene transcript and eight P. minimum
gene transcripts. This showed transcripts containing the dinoSL sequence were markedly fewer in number than the to-
tal expressed sequence tag (EST) transcripts. In addition, we found no direct evidence to prove that most dinoflagellate
nuclear-coded transcripts have this dinoSL sequence.
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trans-splicing

INTRODUCTION

The dinoflagellates are an interesting model for eu-
karyotic evolutionary studies, due to their extraordinary
genomic characteristics. Dinoflagellate chromosomes
remain permanently condensed during the entire cell
life cycle, their nuclear membranes remain intact during
mitosis, and they lack nucleosomes and typical histones
(Dodge 1966, Hackett et al. 2004, Moreno Diaz de la Es-
pina et al. 2005, Lin et al. 2010). Moreover, dinoflagel-
lates contain modified nuclear DNA; for example, 5-hy-
droxymethyluraci replaces 12-70% of the nuclear DNAs
thymine, while 5-methylcytosine replaces some cytosine
(Lin 2011). Dinoflagellates possess a sizable quantity of
DNA, ranging from 1.5 to 225 pg per cell (LaJeunesse et al.
2005). In addition, dinoflagellates’ gene regulation mech-
anisms, such as alternative splicing and post-transcrip-

tional regulation, differ substantially from those of typical
eukaryotes (Brunelle and Van Dolah 2011, Zhang et al.
2011). In particular, studies have shown spliced leader
(SL) trans-splicing to be a common mRNA processing
mechanism in the dinoflagellate nuclear genes (Lidie
and Van Dolah 2007, Zhang and Lin 2008, 2009, Zhang
et al. 2009, 2011, Lin et al. 2010), whereas most eukary-
otic mRNA editing employs cis-splicing in processing. In
general, this mRNA processing using SL trans-splicing
appends a short RNA fragment, such as a SL RNA, to the
5'-untranslated region (UTR) of transcribed pre-mRNA
(Pouchkina-Stantcheva and Tunnacliffe 2005, Zhang et
al. 2007). Researchers have identified SL trans-splicing
in other eukaryotic organisms, including trypanosomes,
euglena, nematodes, platyhelminthes, rotifers, a tunicate
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(Ciona intestinalis), and so on (Murphy et al. 1986, Krause
and Hirsh 1987, Tessier et al. 1991, Davis et al. 1994,
Pouchkina-Stantcheva and Tunnacliffe 2005).

Recently, Lin and colleagues (Zhang et al. 2007,
Zhang and Lin 2009) have studied dinoflagellate SL (di-
noSL) trans-splicing extensively, and identified a short,
conserved dinoSL sequence, 5-DCC GTA GCC ATT TTG
GCT CAA G-3' (D = U, A, or G), comparing 5-UTR se-
quences from cDNA libraries (Zhang et al. 2007). They
pointed out that dinoflagellate nuclear encoded tran-
scripts mostly have dinoSL sequences at the 5'-UTR end
(Zhang et al. 2007, 2009). With this distinct character-
istic, the authors can isolate dinoflagellate genes from
environmental samples by using the dinoSL sequence
as a marker, or dinoflagellate-specific primer, on the SL
(Zhang and Lin 2008). However, Bachvaroff and Place
(2008), after determining 47 genes of dinoflagellate Am-
phidinium carterae, examined those having cDNAs for
dinoSL sequences and detected this dinoSL in only about
two-thirds of all examined transcripts (i.e., approximate-
ly one-third failed to show trans-splicing). Following this
study, Zhang and Lin (2009) re-investigated the genes
lacking dinoSL, which Bachvaroff and Place (2008) had
suggested might be “not trans-spliced,” successfully de-
tected the dinoSL at the 5’-ends of their transcripts, and
reinstated the postulate that dinoSLis widespread among
dinoflagellate nuclear-encoded transcripts. Taking these
previous findings into consideration, the presence of di-
noSLin the majority of dinoflagellate transcripts remains
controversial. To determine the expressed sequence tag
(EST) sequencings of other dinoflagellates and other
strains from different geographical regions requires fur-
ther studies.

In the present study, we investigated the dinoSL
sequence using our EST databases that comprised a
naked dinoflagellate, Cochlodinium polykrikoides, and
an armored dinoflagellate, Prorocentrum minimum. To
determine these EST sequences, we employed 454 se-
quencing (a pyrosequencing system of 454 Life Scienc-
es, Roche, Branford, CT, USA). Researchers consider C.
polykrikoides and P minimum to be harmful algal bloom
species. In particular, R minimum can produce the potent
diarrhetic shellfish poisoning, which is one of the major
types of illness that result from harmful algal blooms.

MATERIALS AND METHODS

Cochlodinium polykrikoides and Prorocentrum
minimum cultures

http://dx.doi.org/10.4490/algae.2011.26.3.229

We obtained the two dinoflagellate strains, C. polykri-
koides (CP-1) and P minimum (D-127), from the Na-
tional Fisheries Research and Development Institute
(NFRDI) and the Korea Marine Microalgae Culture Cen-
ter (KMMCC), respectively. Cultures of both strains were
grown in /2 medium, at 20°C, following a 12 : 12 h light
: dark cycle. We harvested the cells at various growth
phases, using exponential growth phase cultures for vari-
ous stress treatments, including heat shock, cold shock,
exposure to metals, and UV. The Cochlodinium and Pro-
rocentrum cells were then harvested via centrifugation at
3,000 rpm for 10 min. We immediately diluted all harvest-
ed cells with ten volumes of TRIzol (Invitrogen, Carlsbad,
CA, USA), froze them in liquid nitrogen, and stored them
at -80°C until we extracted their RNA.

Total RNA extraction

To isolate the total RNA from these harvested cells,
we used the TRIzol method (Invitrogen), according to
the manufacturer’s instructions. After physically break-
ing the cells via freeze-thawing in liquid nitrogen, we
homogenized them using zirconium beads (diameter
0.1 mm) and a Mini-Beadbeater (BioSpec Products Inc.,
Bartlesville, OK, USA). We measured each RNA sample’s
concentration and purity using a DU730 life science UV-
Vis spectrophotometer (Beckman Coulter, Fullerton, CA,
USA) and verified the RNA’s integrity via electrophoresis
on agarose gels.

EST sequencing and annotations

First, we pooled a variety of total RNAs from various
conditions (e.g., heat shock, cold shock, toxic chemical
exposure, and different life stages) into a single tube,
which we then subjected to EST sequencing via a GS-FLX
Titanium instrument (454 Life Sciences, Roche), assem-
bling the EST sequences having 95% similarity levels with
one another. Next, we separately characterized contigs
and singletons of each EST data set by means of BLAST-X
comparisons, using public domain databases. This pro-
cess allowed us to treat EST sequences with E-values over
1.0E-05 as “No Hit,” as they probably belonged to UTRs.

DinoSL sequence searches

Finally, we investigated EST sequences having more
than 100 bp of 5’-UTR for the SL sequence. In addition,
we constructed local nucleotide databases of our Co-
chlodinium and Prorocentrum EST data, using BioEdit
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Table 1. Summary of EST data constructed from Cochlodinium polykrikoides and Prorocentrum minimum

Contig Singleton
Species Reads Sequences
Annotated EST No hit Annotated EST No hit
C. polykrikoides 93,124 31,406,675 1,909 1,264 6,647 14,874
P minimum 773,409 291,217,368 9,147 11,973 25,404 100,136

Contigs and singletons were annotated by BLAST-X searches.
EST, expressed sequence tag.

0 Prorocentrum minimum
10

............................................................... I
ACCGCAGCCATTTTGGCTCAAGCCGTGTGAGCTCGAAGGGAGCCCCGCGGCTTCTGAGGCACTCGCCGGC

CcAPK

Hsp70 GCCGTAGCCATTTTGGCTCAAGCCATTTGTTTCAATACGGATTCCAGGTTAGCTTTGCCAGGCAGTTTCT

Pl TCCGTAGCCATTTTGGCTCAAGGCTGGCTCGGTTTCACCGGTGTGCTAGTTGTATCCACAGCCCCTCGGA

RPL31 GCTCAAGCCATTTTGGCTCAAGGTTGTGGGAGCTCGCAGTGAGACTTGCGGGAGGGAGCTATG]

RPS18 GCTCAAGCCATTTTGGCTCAAGGGTTCAAGGTCTCCTCCCTGTGGGCAAAGCGACGGCGGCAGGATG)

Imp23 GCTCAAGCCATTTTGGCTCAAGCTGCAGGCTGGAACCGGGTCGAGCTCGGCTGCCAAGCGGAGCGATG]

Unl TCCGTAGCCATTTTGGCTCAAGTGCCGCGCTTGCCCCCTGCGGAATGTAGCGATH

Un2 GCTCAAGCCATTTTGGCTCAAGCCGCGATAAGGGCGAGCAGATTTCCGATCTACAGCTTCTGGTCAGGTT
8|O 9|0 1 OIO

cAPK  CTCGGGGTGCCCAGCGGGCCTGCGGCAGCCRATG]

Hsp70 GGCCTCGGCGGCGGCGGTTGGTGAGGGTAGCUAT]

RPL31 TCCGATG

Un2 AGCGCTTCCCCACCAGTTGTCCTGCACGCGRATG]
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10

RPL7
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Fig, 1. Spliced leader and adjacent sequences detected from (A) Prorocentrum minimum and (B) Cochlodinium polykrikoides expressed se-
quence tags (ESTs). Nucleotides in boxes and under lines represent the start codons and dinoflagellate spliced leader sequences, respectively.
cAPK, cAMP-dependent protein kinase; Hsp 70, heat shock protein 70; P1, acidic ribosomal protein P1; RPL31, 60S ribosomal protein L31; RPS18,
40S ribosomal protein S18; Imp23, imm downregulated protein 23; Un, unknown protein; RPL7, 60S ribosomal protein L7.

version 5.0.6 (Hall 1999), and used them for local BLAST
searches. To analyze nuclear encoded transcripts (or EST
sequences) that had the dinoSL sequence, we used Ge-
netyx version 7.0 software (Genetyx Corp., Tokyo, Japan).

RESULTS AND DISCUSSION

In the present study, we determined the large-scale
EST sequences of two dinoflagellates, C. polykrikoides
(93 K sequence reads, 31 Mb) and P. minimum (773 K
sequence reads, 291 Mb). From our GS-FLX sequenc-
ing, we identified 3,173 contigs and 21,521 singletons
in Cochlodinium cDNA and 21,120 contigs and 125,540
singletons in Prorocentrum cDNA (Table 1). BLAST-X
searches showed many cDNA sequences contained 5'-
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UTR sequences. For example, we identified P minimum
ESTs more than 100 bp of 5'-UTR in sequence length at
1,491 contigs and 414 singletons. Upon comparing these
5-UTR sequences of P minimum ESTs and a conserved
dinoSL sequence (5'-DCC GTA GCC ATT TTG GCT CAA
G-3", we identified eight dinoSL sequences belonging
to ribosomal protein, 40S ribosomal protein, 60S ribo-
somal protein, cAMP-dependent protein kinase regula-
tory subunits, and acidic ribosomal protein (Table 2, Fig.
1). On the other hand, we only detected one dinoSL se-
quence belonging to the 60S ribosomal protein in the C.
polykrikoides ESTs.

In addition, we used BLAST searches to investigate
dinoSL-containing transcripts in our local nucleotide
database. Through this analysis, we detected 55 dinoSL
sequence-containing ESTs (17 contigs, 38 singletons)
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from the P minimum EST data. Using BLAST searches,
we analyzed all sequences in the GenBank database, list-
ing the closest matched genes in Table 2. Of these, we
could annotate 3 out of 38 singleton-ESTs (8%) and 9 out
of 17 contig-ESTs (53%). The identified genes included
ribosomal protein, acidic ribosomal protein, cCAMP-de-
pendent protein kinase, conserved hypothetical protein,
heat shock protein 70, imm downregulate 23 protein,
and unknown proteins in P minimum, and 60S ribo-
somal protein in C. polykrikoides. Our data showed that
transcript numbers containing dinoSL sequence were
lower than the total reads of EST data. In particular, we
detected only one dinoSL sequence from C. polykrikoi-
des ESTs. These results resembled those in the study by
Bachvaroff and Place (2008), in which they detected the
dinoSL sequence in Amphidinium carterae EST data, but
it was not universal. These findings are incompatible
with those of Zhang and Lin (2009), which showed that
the dinoSL sequence in the 5-UTR has a wide distribu-
tion among dinoflagellate nuclear-encoded transcripts.
With the present and previous data, we could not con-
clude that dinoflagellates’ nuclear-gene transcripts most
commonly include the dinoSL sequence, because we
identified relatively few gene transcripts containing the
dinoSL sequence from large-scale ESTs of C. polykrikoi-
des and P minimum.

To our knowledge, the dinoSL sequence is added to the
5'-end of dinoflagellate gene transcripts. For investigat-
ing whether all or parts of dinoflagellate nuclear gene
transcripts contain dinoSL sequence, researchers should
retain intact 5'-ends of the genes. In addition, to detect
the dinoSL-containing transcripts, studies should ampli-
fy transcripts entirely by means of reverse transcriptase.

However, many dinoflagellates contain inhibitors that
will strongly inhibit either reverse transcriptase or Taq
DNA polymerase activity (Zhang and Lin 2009). Prob-
lems such as these may explain why few nuclear gene
transcripts contain the dinoSL sequence, in both the pre-
vious data (Zhang et al. 2007, Bachvaroff and Place 2008)
and in our EST data. On the other hand, Bachvaroff and
Place (2008) showed that the SL trans-splicing of dino-
flagellates nuclear genes correlates with expression level,
suggesting that the high-expression-level gene is more
likely to be SL trans-spliced. By surveying the dinoflagel-
late gene transcripts that contain the dinoSL sequence,
researchers have identified numerous genes involved
in the various cell functions (Table 3). Interestingly, all
of the annotated genes in Table 3 play important roles
in cells’ biological processes and have high expression
levels within these cells. In view of the summarized data,
we consider that finding genes containing the dinoSL
sequence might be much easier using high-expression-
level genes rather than using low-expression genes. For
example, studies have found ribosomal protein genes
containing the dinoSL sequence in almost all dinoflagel-
lates (except Noctiluca scintillans). Reportedly, prolifer-
ating cell nuclear antigen (PCNA) contains the dinoSL se-
quence throughout the phylum (Zhang et al. 2007). Both
ribosomal protein and PCNA are expressed throughout
the cell cycle, and at high expression levels, as well.

This study investigated the dinoSL sequence location
by surveying reported dinoSL-containing gene tran-
scripts and our EST data (Table 3). Having detected the
dinoSL sequence in C. polykrikoides and P minimum
nuclear gene transcripts (Fig. 1), we found the dinoSL
sequence location ranged from 52 t0102 bp upstream of

Table 2. Cochlodinium and Prorocentrum ESTs containing dinoSL RNA sequences at the 5'-end and their closest matches from GenBank data

Closest match in the GenBank

Species Gene Code
Accession No. Species E-value
C. polykrikoides 60S ribosomal protein L7 RPL7 XP_002775844 Perkinsus marinus 1.00E-15
P minimum 40S ribosomal protein S18 RPS18 XP_002141581 Cryptosporidium muris 3.00E-23
60S ribosomal protein L31 RPL31 XP_002368706 Toxoplasma gondii 2.00E-05
Acidic ribosomal protein P1 P1 XP_001699629 Chlamydomonas reinhardtii 3.00E-23
cAMP-dependent protein kinase cAPK XP_002764691 Perkinsus marinus 6.00E-06
Conserved hypothetical protein Un2 ACU44930 Prorocentrum minimum 9.00E-62
Heat shock protein 70 Hsp70 ABI14407 Prorocentrum minimum 1.00E-43
Imm downregulated protein 23 Imp23 EFA78150 Polysphondylium pallidum 5.00E-10
Unknown protein Unl ABX80193 Prorocentrum minimum 8.00E-13

Here, we used our Cochlodinium and Prorocentrum EST data for dinoSL detection.

EST, expressed sequence tag; DinoSL, dinoflagellate spliced leader.
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the start codon (ATG). Moreover, additional summarized
data (Table 3) showed that the dinoSL sequence’s major
locations ranged from 40 to 160 bp upstream of ATG.
Only in a few genes, and particularly in unknown func-
tion genes, did the dinoSL sequence occur more than 170
bp upstream of ATG. Perhaps the SL trans-splicing pro-
cess mostly tends to append the dinoSL sequence to the
short nucleotides (< 170 bp) upstream of the start codon.
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