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The peridinin-pigmented plastids of dinoflagellates are very poorly understood, in part because of the
paucity of molecular data available from these endosymbiotic organelles. To identify additional gene
sequences that would carry information about the biology of the peridinin-type dinoflagellate plastid
and its evolutionary history, an analysis was undertaken of arbitrarily selected sequences from cDNA
libraries constructed from Lingulodinium polyedrum (1012 non-redundant sequences) and Amphi-
dinium carterae (2143). Among the two libraries 118 unique plastid-associated sequences were iden-
tified, including 30 (most from A. carterae) that are encoded in the plastid genome of the red alga Por-
phyra. These sequences probably represent bona fide nuclear genes, and suggest that there has
been massive transfer of genes from the plastid to the nuclear genome in dinoflagellates. These data
support the hypothesis that the peridinin-type plastid has a minimal genome, and provide data that
contradict the hypothesis that there is an unidentified canonical genome in the peridinin-type plastid.
Sequences were also identified that were probably transferred directly from the nuclear genome of
the red algal endosymbiont, as well as others that are distinctive to the Alveolata. A preliminary report
of these data was presented at the Botany 2002 meeting in Madison, WI.

Introduction

Dinoflagellates are environmentally and economi-
cally important flagellates that are common in both
freshwater and marine environments. About half of
all dinoflagellates are photosynthetic. As do all pho-
tosynthetic eukaryotes, dinoflagellates rely on a
plastid, an endosymbiotic organelle derived from a
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previously free-living cyanobacterium, to perform
photosynthesis. Although fundamentally similar to
the chloroplasts of plants and algae — and derived
from a common ancestor — the plastids of dinoflag-
ellates have a number of unique characteristics (Del-
wiche et al. 2003). The majority of photosynthetic di-
noflagellates rely on a distinctive peridinin-contain-
ing plastid, but a number of other plastid types are
found within the group, apparently the result of sev-
eral independent symbiotic events (Delwiche 1999).
The typical, peridinin-type plastid is pigmented with
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chlorophylls a-, c- and peridinin, is surrounded by
three unit membranes, and has thylakoids stacked
in groups of three (van den Hoek et al. 1995). Among
the distinctive properties of the peridinin-type plas-
tid are a chloroplast genome that is thought to con-
sist entirely of single-gene minicircles (Barbrook and
Howe 2000; Hiller 2001; Zhang et al. 1999), a water
soluble light harvesting complex composed of a
chlorophyll a-/c- and peridinin binding protein, and
reliance upon a nuclear-encoded form Il rubisco of a
type known elsewhere only from anoxygenic photo-
synthetic bacteria (Morse et al. 1995; Rowan et al.
1996).

The dinoflagellate host cell is similarly distinctive,
and many dinoflagellates can easily be recognized
by their flagellar arrangement, thecal plates, and
conspicuous nucleus with permanently condensed
chromosomes (Graham and Wilcox 2000; van den
Hoek et al. 1995). There are no recognizable his-
tones or nucleosomes, and the nuclear genome is
very large (10'°-10" bp, i.e., up to 100-fold larger
than the human genome; Rizzo 1987; Rizzo and
Noodén 1972). These unusual features led some au-
thors to view the dinoflagellate nucleus as an out-
group to other eukaryotes, and its organization has
sometimes referred to as “mesokaryotic” or “di-
nokaryotic” to emphasize its uniqueness (Dodge
and Greuet 1987). However, ultrastructural and
molecular phylogenetic studies unequivocally place
dinoflagellates with ciliates and apicomplexans in a
monophyletic group known as the Alveolata (Cava-
lier-Smith 1993; Gajadhar et al. 1991; Wolters 1991).

Consequently, the plastids of dinoflagellates are
important not only for their photosynthetic function
in a key phytoplankton group that retains the ability
to acquire endosymbiotic organelles. The acquisi-
tion of organelles is intruiging particularly in view of
the complex interactions between organellar and
nuclear genome.

To study the incorporation of the peridinin-type
plastid in the dinoflagellate cell, we undertook an
expressed sequence tag (EST) survey of two peri-
dinin containing dinoflagellates as an inexpensive
alternative to whole-genome sequencing in a case
where the genome is extremely large (Adams et al.
1991). The results are striking, and indicate that
many typically plastid-encoded genes are encoded
in the nuclear genome in dinoflagellates. Transfer
seems to have occurred from both the plastid and
the (red algal) intermediate chloroplast host. This
survey has also identified genes that appear to be
shared only by dinoflagellates and Plasmodium.
These data can provide insight into the basic biol-
ogy of dinoflagellates, the processes governing
plastid acquisition, and the evolution of Alveolates.

Results

Overview

A total of 4899 ESTs were determined from the two
cDNA libraries, 1519 from Lingulodinium polyedrum
(Stein) Dodge 1989, strain 70 (= Gonyaulax polyedra
GenBank accessions CD809360-CD810879), and
3380 from Amphidinium carterae Hulburt 1957, CCMP
1314 (GenBank accessions CF064497-CF067877).
Both libraries were unidirectional, and most reads
were from the 5" end. Sequencing of the L. polyedrum
library, which was not constructed in house, com-
menced while the A. carterae library was being pre-
pared. The reads from the L. polyedrum library had an
average length of 506 bp, of which those with a bit
score above 100 had an average length of 583. Se-
quencing on the L. polyedrum library was halted when
the A. carterae library was ready for sequencing. The
most abundant transcript from the L. polyedrum li-
brary was the peridinin-chlorophyll binding protein,
which constituted 45 out of 1519 clones, or 3%. A
total of 193 gene sequences were found more than
once, accounting for 709 of 1519 sequences, or
46.7%, of all ESTs. There were 819 singletons (i.e., se-
quences found only once). To measure cumulative
error during library amplification and sequencing
10,435 bp of sequence from the 34 different sequenc-
ing reads of the apparently invariant peridinin-chloro-
phyll binding protein were compared. These analyses
indicate a maximum error rate in the first 350 bases of
less than 0.05%. The average insert size for this library
was quite low, but only clones with an apparent size of
>500 bp were selected for sequencing. When se-
quencing on the L. polyedrum library was halted, the
last plate had over 62% novel sequences, suggesting
that this library was far from exhaustion.

The modified vector used for the A. carterae li-
brary permitted a somewhat longer read than for
L. polyedrum, and the average read length for the
3380 clones sequenced was 650 bp. The average
insert size based on EcoRI and Pstl digests of the
initial 192 clones was 1.9 kb. The error rate for
A. carterae was calculated from 9,845 bp of redun-
dant reads from 9 clones, and was 0.05%. Blast
analysis identified 1347 sequences with a bit score
above 50 (with 609 > 100). As would be expected,
and consistent with the results from L. polyedrum,
longer sequences were more likely to be identified
by blast; those with a bit score above 50 had an av-
erage length of 688, and those above 100 of 703 bp.
In the A. carterae library the two most abundant
transcripts were EF-1o and an unidentified se-
quence with partial similarity to a viral protein, each
of which constituted less than 1% of the clones.



Redundant ESTs and those from closely related
gene families were clustered with Sequencher
(GeneCodes, Ann Arbor MI), which uses a modified
Smith-Waterman algorithm to find the globally opti-
mal alignment of sequences that meet minimum
overlap criteria (40 bp, 70% identity). After cluster-
ing the L. polyedrum library had 1012 non-redun-
dant sequences (i.e., unique entities), several of
which may represent nonoverlapping reads from
equivalent ESTs. Where practical, independent
reads that appeared to be from the same transcript
were grouped, but this is not feasible in cases where
no homolog is known and no overlap was found, so
the probable number of proteins represented by
these data is less than 1012. Similar analyses were
performed for the A. carterae data. Of the 3380 ESTs
from A. carterae, 1702 were grouped into 621 clus-
ters, leaving 1522 singletons and a total of 2143
non-redundant sequences. Databases presenting
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the L. polyedrum and A. carterae EST data are avail-
able at http://oxrid.umd.edu, and the data have
been deposited in GenBank.

Plastid-Associated Sequences

Initial identification of likely plastid-associated se-
quences (defined here as sequences that are ex-
pressed in or evolutionarily derived from the plastid)
was performed by blast analysis. ESTs were consid-
ered likely to be plastid-targeted if blast analysis
identified them as homologous to cyanobacterial or
plastid gene sequences. Based on blastx scores and
clustering, 38 plastid-associated genes were identi-
fied in the L. polyedrum library. Of these, 4 are known
to be plastid-encoded in Porphyra. In the A. carterae
library 99 plastid-associated genes were identified,
including 27 that are plastid-encoded in Porphyra.
Clustering and elimination of redundancy between
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Figure 1. Venn diagram comparing the gene contents of the plastid genomes of Porphyra purpurea
(Rhodophyta), Odontella sinensis (Bacillariophyceae), Guillardia theta (Cryptophyta), Arabidopsis thaliana (plant),
and known peridinin-type plastid minicircles. The dotted line indicates those genes that are found in these
genomes as well as in Cyanophora paradoxa, Nephroselmis olivacea, Euglena gracilis, Zea mays, Oryza sativa,
Nicotiana tabacum, Spinacia oleracea, Oenothera alata, Pinus thunbergii, Marchantia polymorpha, Mesostigma
viride, Cyanidium caldarium. Genes shown in boldface have been identified from the cDNA data presented here.
Blue indicates possible homology to nuclear-encoded copies of the gene. Red indicates a minicircle-encoded
gene found in the EST project. Additional comparisons are presented by Grzebyk (Grzebyk et al. 2003) and Mar-
tin et al. (Martin et al. 2002). Gene nomenclature follows Martin et al. (Martin et al. 2002).
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the two libraries produced a non-redundant set of
118 candidate plastid-associated sequences. Of
these, 30 genes —most of which were identified from
the A. carterae library — are encoded in the plastid
genome of Porphyra (Table 2; Reith and Munholland
1995). The remainder is presumed to be nuclear-en-
coded in Porphyra and most other taxa (Table 2), al-
though in many cases the location and presence of
the gene has not been well characterized. These
data are summarized and compared to the plastid
genome content of other species in Figure 1.

The ESTs that represented genes that are en-
coded in the plastid genome in Porphyra (Table 1)
were fully sequenced to verify the presence of poly-
A tails and to provide full-length sequences for anal-
ysis. Among these, some cDNAs that encode the
same gene were found to have substantial se-
quence variation. For example, cDNAs encoding
atpH were found 10 times from L. polyedrum, and
these sequences formed five distinct clusters. The
sequences assembled into a single, 452 nucleotide
transcript, consisting of a 249 base “mature protein”

Table 1. Dinoflagellate ESTs present in the Porphyra plastid genome, sorted by bitscore.

gene? Dbit- e value® clone reference? variation® polyA’ SignalP¢ ChloroP" Source’ Accession
score?
chll 358 1.0x107""® AcContig[0857] family yes 0.205 0.568* A CF067189
atpl 282 7.0x107%  AcContig[1157] family yes 0.817* 0.489 A CF065976
chlL 234 1.0x 107"  AcContig[0737] 1 yes 0.395 0.559* A CF064591
ycfl6 187 3.0x107°  AcContig[1099] 1 yes 0.212 0.494 A CF064637
rps2 176 1.0x10#  AcContig[0749] 1 yes 0.093 0.451 A CF064824
petK 160 4.0x10°%  AcContig[0964] family yes 0.932* 0.548* A CF066266
petF 152 3.0x107%  AcContig[1605] family yes 0.589* 0.486 Both CF067664
psaD 148 1.0x10%*  AcContig[0733] 1 yes 0.836* 0.571* A CF064527
rpl1 139 9.0x10%  AcContig[0762] 1 yes 0.247 0.471 A CF064976
rpl16 138 1.0x10°"  Ac1119 - yes 0.743* 0.532* A CF064566
psaC 127 3.0x102  AcContig[1109] family yes 0.823* 0.518* A CF066614
rpl13 114 1.0x102*  AcContig[1636] 1 yes 0.763* 0.441 A CF066354
petd 110 1.0x102*  Acb812 family yes 0.355 0.487 A CF067105
secA 108 6.0x10*  AcContig[1437] 1 yes N.A. N.A. A CF066408
psaF 103 1.0x102  Ac977 - yes 0.290 0.449 A CF067650
i3 97 5.0x102%  AcContig[1546] 1 yes 0.736* 0.552* A CF067587
psaE 87 1.0x10'®  Ac6843 - yes 0.567* 0.481 A CF067821
ftsH 85 7.0x107'%  Ac1454r - no N.A. N.A. Both CF064829
atpH 84 9.0x107'®  AcContig[0805] family yes 0.879* 0.516* Both CF067275
tsf 81 3.0x10%  AcContig[1710] 1 no 0.040 0.427 A CF067081
atpG 77 2.0x107"  Ac1899 - yes 0.580* 0.494 A CF065024
mol4 75 6.0 x107"®  AcContig[1547] 1 yes 0.255 0.482 A CF066238
clpC 69 1.0x102%2  AcContig[1539] 1 no N.A. N.A. A CF065755
rps1 69 1.0x107"7  AcContig[1662] 1 yes 0.379 0.445 A CF065490
atoD 64 1.0x10°% Lp587 - yes N.A. N.A. L CD810773
rpl33 63 3.0x107%°  Ac6830 - yes 0.725* 0.555* A CF067798
psaJ 41 0.007 Ac1256 - yes 0.226 0.430 A CF064650
psbY 38 0.046 Ac6675 - yes 0.319 0.509* A CF067444
psbL 35 0.17 Ac6375 - yes 0.699* 0.541* A CF067332
psbK 33 0.73 AcContig[1306] 1 yes 0.396 0.436 A CF066016

aGene name following Martin et al., 2002.

bHighest bitscore in blastx analysis.

¢Corresponding e-value from blastx analysis.

dBest hit identifier in the dinoflagellate EST database.

*Number of sequence types in multiply sampled ESTs, dash indicates unique EST.

fPresence of poly-A tail.

9SignalP mean S score; * indicates values that are significant (>0.5).
hChloroP score; * indicates values that are significant (>0.5).
iSource L = Lingulodinium polyedrum A = Amphidinium carterae.



that corresponded well with homologous se-
quences from several plastid genomes, and a 204
base 5’ extension that encodes a candidate target-
ing peptide. However, despite agreement among
these sequences on overall gene structure, there
were numerous point mutations among the five
clusters (within-cluster sequences were identical).
Considering just the 249 bases of the putative ma-
ture protein, the most divergent pair of clusters
Lp3266 (CD810707) vs. Lp102 (CD810870) had 33
nucleotide substitutions (13%), 31 of which were in
third codon-position. The 5 leader sequence was
present in all clusters, and showed as many as 53
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Figure 2. Putative transit peptides from gene products
of different atpH loci. Kyle-Doolittle hydropathy plots
are shown with a window size of 7 amino acids. The
chloroplast cleavage sites were inferred from an align-
ment of mature proteins. The predicted signal se-
quence cleavage sites are indicated with a vertical line.
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total substitutions in 204 bases (26%), 34 of which
were in third codon-position. The amino acid trans-
lations and hydropathy plots of two different leader
sequences for the atpH gene in L. polyedrum and A.
carterae are shown in Figure 2. A similar pattern of
differences in transit peptides was found for the
genes psbO (Fig. 3) and psaC (data not shown),
where greater variation was present in the leader
than in the mature protein.

There was little contamination of the library with
minicircle gene products. In the entire survey, only
two sequences were identified that correspond to
genes that have been identified on single-gene mini-
circles. One of these, Ac3135 (CF065874), is a per-
fect match to the published A. operculatum psbA
minicircle sequence (Barbrook and Howe 2000) and
consequently seems likely to be a genuine minicircle
gene contaminating the poly-A fraction. The other is
not a perfect match to any published sequence, but
has a best blastn hit to the Heterocapsa triquetra
plastid LSU rRNA sequence.

Signal Peptides

Some of these ESTs had leader sequences that
were consistent with published descriptions of tran-
sit peptides in secondary plastids where the pro-
teins are initially targeted to the ER (Ishida et al.
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Figure 3. Putative transit peptides from different
copies of the psbO gene product. Kyle-Doolittle hy-
dropathy plots are shown with a window size of 7
amino acids. The cleavage sites were inferred from a
multiple sequence alignment. The chloroplast cleavage
sites were inferred from an alignment of mature pro-
teins. The predicted signal sequence cleavage sites
are indicated with a vertical line.
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2000; Nassoury et al. 2003; Peltier et al. 2000;
Schein et al. 2001; Zuegge et al. 2001). Signal pep-
tides were detected in a greater proportion of pro-
teins destined for the thylakoid membrane (8 out of
12 in Table 1), than in non-thylakoid proteins (5 out
of 15 in Table 1), but exceptions occurred even
when apparently full length sequences were found
(i.e. psaF in figure 4). None of the targeting-predic-
tion software tested consistently recognized all
these leader sequences as targeting peptides (Ta-
bles 1, 2).

Nucleus to Nucleus Gene Transfer

Among the nuclear-encoded, plastid-targeted ESTs,
the light harvesting complex (LHC) gene family
stood out. There was a high diversity of LHC se-
quences, with 47 individual ESTs clustered into 20
nonredundant sequences in A. carterae. There was
sequence variation within the nonredundant clus-
ters, and only four of these consisted entirely of
identical sequences. Similarly, in L. polyedrum 21
ESTs clustered into 14 nonredundant sequences,
none of which was composed of identical reads.
Several sequences had previously been reported
from A. carterae, including four that form a single
polyprotein array (Hiller et al. 1995). The presence of
polyproteins was confirmed for A. carterae, with
ESTs identified that seem to correspond to each of
the four repeats and trans-repeat regions. Evidence
of a homologous polyprotein array consisting of at
least three repeats was found in L. polyedrum. The

EST data included the previously identified se-
quences along with considerable additional diver-
sity of LHC sequences in both A. carterae and L.
polyedrum. Blast analyses placed nine of the nonre-
dundant A. carterae sequences with previously
known A. carterae sequences and eleven with LHCs
from other organisms (including Galdieria, Guillardia,
and Vaucheria). For L. polyedrum, eight nonredun-
dant sequences clustered with the A. carterae se-
quences in blast analysis, while six clustered with
sequences from other taxa.

Comparison to Plasmodium

The tags for which the top Plasmodium hit was also
one of the top ten hits in unconstrained searches of
the nonredundant database were examined in
detail. Among these sequences were several that
may be specific to the alveolates, i.e., they have rel-
atively high blastx scores compared to Plasmodium
and poor scores to anything else. For example the
tag Ac5698 (CF067023) has a blastx bitscore of 221
(e value = 6.0 x 10%) to a hypothetical ORF from
Plasmodium, Gl:16805161, but no other significant
hit in the nr database. Similarly the tag Lp1707
(CD809670) has a bitscore of 120 (e value = 3.0 x
1072%) to hypothetical Plasmodium ORF, G1:23482968,
while the next highest hit has a bitscore of 34 and
an e-value of 2.5 (i.e., no better than would be
expected by chance). An additional two tags have
hits only to Plasmodium among eukaryotes, with all
other hits being to bacteria: one, Ac7147 (CF067672),
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Figure 4. Putative transit peptides from the psaC, psaF, and rps2 gene products. Kyle-Doolittle hydropathy plots
are shown with a window size of 7 amino acids. The cleavage sites for these proteins were inferred from a multiple
sequence alignment, although in the cases of the psaF and rps2 gene products the cleavage sites are less certain.
Only the psaC gene product contains a predicted signal sequence indicated with a vertical line.



apparently encodes a Leu/Phe aminoacyl-tRNA
transferase, while the other, Ac1889 (CF065020),
encodes a DNAJ-like chaperone. The latter se-
quence does show one relatively poor hit to Ara-
bidopsis, suggesting the possibility that it is plastid-
associated. Finally, two tags were both plastid and
Plasmodium associated, but are not unique to the
Alveolata: fabD, a malonyl CoA: ACP transacyl car-
rier, and GcpE (IspG) a gene involved in the DOXP
pathway of isoprenoid biosynthesis (Hecht et al.
2001).

Discussion

Overview

This survey provides a suite of 4899 sequence tags
representing roughly 3100 unique entities from two
dinoflagellates, and these data can be used to un-
derstand gene transfer in peridinin dinoflagellates.
The 1012 unique sequences from L. polyedrum and
2143 from A. carterae can be compared to 3267
unique sequences found in analysis of 10,154 ESTs
from a normalized library from Porphyra yezoensis
(Nikaido et al. 2000), which indicates that although
the libraries were not explicitly normalized, they
show high sequence diversity. Plastid-containing
eukaryotes for which complete genome data are
available include Arabidopsis with 25500 genes
(Arabidopsis Genome Initiative 2000) and Plasmod-
ium with 5300 genes (Gardner et al. 2002). Both of
these probably have somewhat streamlined
genomes, but if one uses Arabidopsis as a base of
comparison, the 2143 nonredundant sequences
could account for as much as 8% of the genome
complexity, and if the unicellular Plasmodium is a
better basis for comparison this fraction could be
substantially higher.

Evidence that the novel sequences presented
here are encoded in the dinoflagellate nuclear
genome includes poly-A tails, leader sequences,
and the presence of a gene family for many genes.
Because the nuclear location of the 30 genes that
are encoded in the plastid genome of Porphyra is
surprising and important to this study, these se-
quences were examined in detail. Clones were fully
sequenced to verify the presence and terminal loca-
tion of a poly-A tail, which was identified in all but
three of the sequences (Table 1). In addition, 16 of
these 31 sequences have a 5" polypeptide extension
that is scored by SignalP or ChloroP above 0.5, cor-
responding well to characterized targeting peptides.
Of the 12 that were found more than once, 7 show
sequence variation consistent with the presence of
multiple alleles, a hallmark of nuclear-encoded
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genes (Table 1). Minicircle genes, although probably
expressed at high levels, were essentially absent
from the cDNA data.

The dinoflagellate cell is a potentially complex
combination of several genomes. In addition to the
nuclear and mitochondrial genomes of the host cell,
there are possible genetic contributions from the
plastid, mitochondrial, and nuclear genomes of the
red alga that contributed the plastid. Careful se-
quence analysis is necessary to identify both the
likely phylogenetic origin of the sequences and their
probable compartmentalization in the cell. The se-
quences listed in Table 1 are homologous to plastid-
encoded genes in Porphyra, and are almost cer-
tainly originally of plastid origin. Those in Table 2 are
not in the Porphyra plastid genome, and information
about localization and expression varies greatly de-
pending upon the gene and organism in question.

Chloroplast to Nucleus Gene Transfer

A substantial number of the plastid-associated ESTs
found in this study encode genes that are in the
chloroplast genome in other organisms (Fig. 1). Be-
cause the peridinin-type plastid is thought to be ulti-
mately derived from a red alga, the most appropriate
comparison is to Porphyra, but a striking number of
genes have been transferred even in comparison to
the relatively depauperate plastid genomes of green
algae and plants. Of the 31 genes found that are en-
coded in the chloroplast genome of Porphyra (Fig. 1,
Table 1), eight are present in all known photosynthetic
chloroplast genomes (Martin et al. 2002), and encode
ribosomal proteins, ATP synthase, and photosystem
components (Table 1). Given that these data repre-
sent an arbitrary subset of all of the plastid-associ-
ated genes in the nuclear genome, they suggest that
in dinoflagellates the transfer of genes from the
chloroplast to the nuclear genome has been more ex-
tensive than in any other group of organisms.

Two of the otherwise exclusively plastid encoded
genes (atpH and psaC) exist in at least two alleles
with distinctly different transit peptides. Transit pep-
tides for these genes show three distinct regions: a
hydrophobic region at the amino terminus that func-
tions as an ER signal, followed by a hydrophilic
region, and then finally a short hydrophobic region
just before the amino terminus of the putative mature
protein (Figs 2, 4). This pattern is very similar to the
pattern described for psbO (Ishida and Green 2002),
and is consistent with function as transit peptides
(Fig. 3). Different transit peptides for the same gene
imply duplication within the nuclear genome after the
acquisition of the transit peptide, or multiple chloro-
plast to nucleus transfer events. Another otherwise
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exclusively plastid encoded gene, rps2, does not
have an apparent ER signal sequence, even though
a full-length sequence was obtained (Fig. 4).

Nucleus to Nucleus Gene Transfer

The dinoflagellate EST data suggest that in these or-
ganisms there has been massive transfer of chloro-
plast genes to the nucleus (Tables 1, 2). Although
transfer of organellar genes to the nuclear genome
is a well documented phenomenon, there are dis-
tinct patterns of gene content within lineages
(Palmer and Delwiche 1998). In particular, all known
plastids of red algae and secondary plastids derived
from them have a relatively rich set of genes (Fig. 1),
and from this it is possible to make inferences about
the likely gene content of the ancestral dinoflagel-
late plastid. The distribution of endosymbiont genes
among plastid and nuclear genomes cannot be
known with certainty, but it is likely that many of the
plastid-associated genes identified here had been
transferred to the nuclear genome of the red algal
symbiont prior to its acquisition by a dinoflagellate.

To place the scale of this transfer in perspective,
analysis of the Arabidopsis nuclear genome found
~4500 genes that are likely to be of cyanobacterial
(i.e., plastid) origin, accounting for roughly 17.6% of
all protein-coding sequences (Martin et al. 2002).
Chloroplast targeting sequences were found on well
over 2000 genes (Arabidopsis Genome Initiative
2000). This corresponds fairly well to the known
sizes of cyanobacterial genomes with 3168 genes in
Synechocystis and 5368 genes in Nostoc (Kaneko et
al. 1996, 2001), taking into account the fact that
some of these genes have undergone duplication in
the nuclear genome, and that not all genes of
cyanobacterial origin are expressed in the plastid. It
is clear that substantial reduction has occurred in all
plastid genomes and has been an ongoing process
(Palmer and Delwiche 1998). However, this reduc-
tion has a limit: when the known photosynthetic
plastid genomes are compared, a set of 44 protein-
coding genes are always plastid encoded (Fig. 1;
Martin et al. 1998, 2002). In red algae and lineages
with plastids derived from them, such as the crypto-
phytes and the heterokonts, chloroplast genomes
are relatively large and complex, with a shared set of
about 120 protein-coding genes (Douglas and
Penny 1999). Thus, assuming that the peridinin-type
plastid is indeed of red algal origin, it probably had a
relatively rich starting set of genes and consequently
a dramatic reduction in gene content.

Perhaps even more striking than the transfer of
genes from the chloroplast to the nuclear genome —
a well-documented process in the evolution of pho-

tosynthetic eukaryotes — is the presence within the
EST data of many genes that are in the nuclear
genome of both red algae and plants. These genes
were probably transferred directly from the nuclear
genome of the red algal chloroplast donor to the di-
noflagellate recipient. While horizontal gene transfer
among prokaryotes is now well documented, and
transfer from prokaryotic genomes to those of eu-
karyotes is familiar in the context of organelles,
transfer among eukaryotic nuclear genomes is not
as well documented. Obligate cellular endosymbio-
sis is an extremely close relationship among organ-
isms, and it is probably not surprising that gene
transfer has been documented in several such
cases. In cryptomonads there is evidence of large
scale nucleus to nucleus gene transfer despite the
presence of a vestigal red algal nucleus (Douglas et
al. 2001), and it seems likely that similar transfer of
genes will be found in organisms with secondary
plastids that do not retain nucleomorphs. There is
also evidence of at least one transferred gene in sea
slugs that acquire and retain functioning plastids for
a period of months (Pierce et al. 2003).

The LHC gene family seems to be a good exam-
ple of nucleus to nucleus gene transfer from the di-
noflagellate EST data. In all known organisms LHC
genes are exclusively nuclear encoded. LHC se-
quences had previously been reported from A. car-
terae, and two of these were found to form a mono-
phyletic group in phylogenetic analysis of LHCs
from diverse algae, suggesting that the protein had
diversified within dinoflagellates (Durnford et al.
1999). Our data revealed 11 members of this family
that were previously unknown in dinoflagellates, in-
dicating a broad diversity in the LHC family of di-
noflagellates similar to the pattern found in plants
(Durnford et al. 1999). Thus LHC diversity in di-
noflagellates is more complex than had previously
been appreciated.

Cyanobacterial Genes and Biochemistry

This survey found ESTs for several Calvin cycle
genes, three of which were clearly recognizable as
being cyanobacterial in origin: phosphoribulokinase,
which is characteristic of the Calvin cycle, as well as
transketolase and fructose-1,6-biphosphatase
(Table 2), both of which function in the Calvin cycle,
but are not exclusive to it. Another Calvin cycle pro-
tein, the carbon-fixing enzyme rubisco (ribulose-
1,5-bisphosphate carboxylase/oxygenase), has had
an unusual history of transfer in dinoflagellates,
which are the only eukaryotes in which rubisco is
encoded in the nuclear genome (as a single gene,
rbcl), and it is an unusual form Il (dimeric) rubisco



that is otherwise found only in anoxygenic pro-
teobacteria (Morse et al. 1995; Rowan et al. 1996).
While the origin of the dinoflagellate form |l rubisco
remains obscure, it is almost certainly not of
cyanobacterial origin, and is an excellent example of
horizontal gene transfer across domains (Delwiche
and Palmer 1996). In addition to these Calvin cycle
genes, genes encoding triosephosphate isomerase
and fructose-1,6-biphosphate aldolase were also
present and are necessary for the regeneration of
ribulose, but these ESTs do not provide enough in-
formation to determine if these are cyanobacterial or
cytosolic forms of the enzymes. A substitution of a
cytosolic glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) in dinoflagellate chloroplasts has
been documented (Fagan et al. 1998; Fast et al.
2001). It seems dinoflagellates are using a suite of
cyanobacterial genes for some reactions of the
Calvin cycle, but two key reactions, catalysed by ru-
bisco and GAPDH rely on bacterial and cytosolic
genes, respectively.

Many other genes of cyanobacterial (plastid) ori-
gin were found, including a nearly complete suite of
chlorophyll biosynthesis genes. The carotenoid-
biosynthesis genes identified were farnesyl py-
rophosphate synthase from L. polyedrum and two
different forms of violaxanthin de-epoxidase from A.
carterae. Cyanobacteria and plastids synthesize
heme from glutamate (Buchanan et al. 2000) and the
A. carterae library had glutamate semialdehyde syn-
thase in high abundance. While we cannot rule out a
separate mitochondrial pathway in dinoflagellates,
these data indicate that the cyanobacterial version
of this pathway, involving glutamate is present and
highly expressed.

Other plastid associated pathways include fatty
acid biosynthesis and the DOXP/MEP pathway, and
genes corresponding to both of these pathways
were found. Four fatty acid biosynthesis genes were
found in this project: fabD, fabB, fadE2 and a proba-
ble ketothiolase. The DOXP/MEP pathway of meval-
enate, biosynthesis is also present because a ho-
molog of the gcpE (ispG) gene was found in A.
carterae.

There is a single EST with similarity to a “plastid
mRNA binding protein” implicated in processing the
3’ ends of chloroplast mRNAs in cyanobacteria and
plants. This EST could provide the starting point for
elucidating the transcription and translation of mini-
circle-derived genes.

Comparison with Plasmodium

Dinoflagellates are thought to be the sister taxon to
the Apicomplexa, and these groups along with the
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ciliates constitute the Alveolata. Two ESTs that have
good blastx similarity between these dinoflagellates
and Plasmodium may be alveolate specific proteins,
since they have no other significant matches. Also, if
the Leu/Phe-tRNA protein transferase is, as the
blast search suggests, a bacterial enzyme that is
present in alveolates (Gardner et al. 1998), then a
gene transfer event before the radiation of the lin-
eage is most likely.

Conclusions

The results of this relatively small-scale study have
allowed us to make specific, testable hypotheses
concerning the evolutionary history, molecular biol-
ogy, and biochemistry of dinoflagellate plastids. It is
also possible that the relatively rich plastid-associ-
ated gene content in the nuclear genome partially
explains the diversity of plastids and photosymbi-
otic associations that occur in dinoflagellates. Al-
though one might expect that components of the
photosynthetic apparatus would be unlikely to func-
tion in an unrelated plastid, in vitro reconstitution of
LHC complexes with allochthanous pigments has
demonstrated energy transfer in such heteroge-
neous complexes (Grabowski et al. 2001). Another
hypothesis is that the ability to transfer typically
plastid-encoded genes to the nucleus documented
here may allow dinoflagellates to rapidly transfer
genes from novel endosymbionts.

Methods
Library Construction

The first library from Lingulodinium polyedrum
(= Gonyaulax polyedra), strain 70, was donated by
David Morse of the University of Montreal (Chaput
etal. 2002), and a second from Amphidinium
carterae CCMP1314 was prepared in house.

The directionally cloned L. polyedrum library was
amplified once in lambda hosts. The cDNA se-
quences were excised from the phage according to
the manufacturer’'s (Stratagene, La Jolla, CA) direc-
tions and subsequently handled as plasmidsin E. coli.

Amphidinium carterae CCMP1314 was cultured
in Atlantic ocean seawater (~32 ppt), supplemented
to become Guillard’s F/2-Si medium (Andersen et al.
1997), at 20 °C with a 14 hr/10 hr L:D cycle at 24
umol photons/m2 - s. Cultures were harvested in log
phase growth (104-10° cells/ml) at four time points in
the daily cycle: once 2 hours after the lights were
turned on and three subsequent times at 6 hour in-
tervals. Approximately 8 | of culture were harvested
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by centrifugation, flash frozen in liquid nitrogen, and
stored at -80 °C. For RNA isolation, the method of
Chomczynski and Sacchiwas used: 2 grams of cells
were collected from each time point, and ground
with a Polytron (Kinematica, Luzon) homogenizer in
Tri Reagent (Sigma, St. Louis, MO) at a ratio of
2 grams of cells/25 ml reagent. The polyadenylated
fraction was isolated using a poly-T cellulose col-
umn and the cDNA library was constructed accord-
ing to the protocol described (Sambrook et al.
1989). Reverse transcription was performed with
1000u SuperScript Il RNase H-RT (Invitrogen, Grand
Isle, NY) and 40u RNAsin (Promega, Madison, WI),
with 5 micrograms of polyA RNA and 50 pmol of
Notl polyT primer, GACTAGTTCTAGATCGCGAGCG
GCCGCCCT x15 (Piao et al. 2001) incubated at
42.5 °C for one hour in a total volume of 100 micro-
liters in a buffer of 50 mM Tris pH 8.3, 75 mM KCl,
3 mM MgCl,, 10 mM DTT. Second strand synthesis
was performed at 15 °C with 75u T4 DNA poly-
merase, 25u E.coli DNA ligase, and 2u RNAase H
(Invitrogen) for one hourin a 375 microliter volume in
a buffer of 25 mM Tris HCI pH 7.5, 100 mM KCI,
5mM MgCl, 10 mM (NH,),SO,, 0.15 mM B-NAD,
0.25 mM dNTPs. The cDNA was polished with Pfu
polymerase (Stratagene) at 72 °C for 20 minutesin a
40 microliter volume, methylated with EcoRI methy-
lase (New England Biolabs; NEB, Beverly, MA), lig-
ated to a synthetic linker (NEB) with EcoRl sites, and
double digested with EcoRl and Notl, followed by
size fractionation through a sepharose CL-4B col-
umn (Amersham-BioSciences, Piscataway, NJ). The
cDNA was then ligated to a modified pBluescript
EcoRl, Notl gel isolated vector and transformed into
XL-10 Gold competent cells (Stratagene). This li-
brary was not amplified in any way.

Sequencing: Plasmids from individual clones
were isolated using the ‘miniprep’ procedure (Sam-
brook et al. 1989), and sequenced using dye termi-
nator chemistry (ABI). For the L. polyedrum library
the M13-20 primer was used for 5’, and T7 for 3’ se-
quencing. For the A. carterae library, a custom
primer that ends at the EcoRl site of the linker was
used for 5 sequencing and M13-20 for 3’ sequenc-
ing. Reactions were performed at the reduced vol-
ume recommended for 384 well plates. The reac-
tions were analyzed with an ABI 3100.

Bioinformatics: Sequences were edited using the
program Sequencher (GeneCodes, Ann Arbor); vec-
tor and low quality bases were removed, and in
some cases manual editing was used to restore low
quality data, particularly when a poly-A tail was iden-
tified in the region of low quality sequence. Begin-
ning and end of high quality data were also verified
with phred (Ewing et al. 1998) to ensure consistency

and promote automation. The individual ESTs were
then exported to a FileMaker Pro (FileMaker, Santa
Clara, CA) database and used individually for blast
sequence similarity searches (Altschul et al. 1997).

Several searches were performed for each EST.
Blastcl3 was used to perform blastn (nucleotide)
and blastx (translated nucleotide) searches against
the entire GenBank nr (nonredundant) database, as
well as a blastx search limited to the entrez query
“Plasmodium,” and a tblastx search against dbEST.
Blastall was used to perform local blastn searches
that reciprocally compared our two dinoflagellate
EST databases. The results of these searches, as
well as predicted translations were parsed using
PERL scripts and exported to the database. Sum-
mary data are presented in Tables 1-3.

Sequencher (GeneCodes)was used to cluster re-
lated and redundant ESTs by taking advantage of
its contig assembly function. This allowed identifi-
cation of gene families and partially overlapping
ESTs, the latter of which can be assembled into
longer contiguous sequences. When overlapping
EST reads were identified from a putative single
transcript (using minimum overlap criteria of 40
bases and 70% identity), manual editing was per-
formed to ensure that the assembled contig was re-
liable and maintained an open reading frame. Ho-
mologous sequences with less than 70% identity
were presumed to be members of a gene family,
and sequences with less than 40 bp overlap were
not assembled even when they were identified by
blast as candidates to have been derived from iden-
tical transcripts. A contig (or cluster) database was
maintained in parallel with the EST database, and
all contigs were subjected to the same blast
searches as above.

For transit peptide prediction, amino acid align-
ments derived from blastx results were used to deter-
mine the approximate beginning of the mature pro-
tein, and Kyle-Doolittle hydropathy plots were con-
structed for the putative leader sequence. SignalP
and chloroP were used to identify targeting peptides
(Nielsen et al. 1997; Emanuelsson et al. 1999).
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