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Abstract. Complete chloroplast 23S rRNA andpsbA
genes from five peridinin-containing dinoflagellates (Het-
erocapsa pygmaea, Heterocapsa niei, Heterocapsa rotun-
data, Amphidinium carterae,andProtoceratium reticu-
latum) were amplified by PCR and sequenced; partial
sequences were obtained fromThoracosphaera heimii
and Scrippsiella trochoidea.Comparison with chloro-
plast 23S rRNA andpsbA genes of other organisms
shows that dinoflagellate chloroplast genes are the most
divergent and rapidly evolving of all. Quartet puzzling,
maximum likelihood, maximum parsimony, neighbor
joining, and LogDet trees were constructed. Intersite rate
variation and invariant sites were allowed for with quar-
tet puzzling and neighbor joining. AllpsbA and 23S
rRNA trees showed peridinin-containing dinoflagellate
chloroplasts as monophyletic. InpsbAtrees they are re-
lated to those of chromists and red algae. In 23S rRNA
trees, dinoflagellates are always the sisters of Sporozoa
(apicomplexans); maximum likelihood analysis ofHet-
erocapsa triquetra16S rRNA also groups the dinofla-
gellate and sporozoan sequences, but the other methods
were inconsistent. Thus, dinoflagellate chloroplasts may
actually be related to sporozoan plastids, but the possi-
bility of reproducible long-branch artifacts cannot be
strongly ruled out. The results for all three genes fit the
idea that dinoflagellate chloroplasts originated from red
algae by a secondary endosymbiosis, possibly the same
one as for chromists and Sporozoa. The marked disagree-

ment between 16S rRNA trees using different phyloge-
netic algorithms indicates that this is a rather poor mol-
ecule for elucidating overall chloroplast phylogeny. We
discuss possible reasons why both plastid and mitochon-
drial genomes of alveolates (Dinozoa, Sporozoa and Cili-
ophora) have ultra-rapid substitution rates and a prone-
ness to unique genomic rearrangements.
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Introduction

Dinoflagellates are a very diverse group of unicellular
eukaryotes, about half being photosynthetic, whereas the
rest are heterotrophs. Photosynthetic dinoflagellates are
important primary producers in marine and freshwater
ecosystems, both as free-living algae and as symbionts
within corals, while some are notorious for causing toxic
“red tides” and killing fish. Typical dinoflagellate chlo-
roplasts are characterized by the presence of chlorophyll
c2 and peridinin (Jeffrey et al. 1975). They differ from all
other chloroplasts (except those of euglenoids) in being
surrounded by an envelope of three membranes (Dodge
1975), rather than two membranes like red algal, glau-
cophyte, and green plant chloroplasts, or four mem-
branes as in chromists, chlorarachneans, and the sporo-
zoanToxoplasma.The origin of this unusual membrane
topology of typical dinoflagellate chloroplasts has been
much debated. Recent phylogenetic analyses (Zhang et
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al. 1999; Takashita and Uchida 1999) favor the view
(Gibbs 1981) that peridinin-containing dinoflagellate
chloroplasts are the result of a secondary endosymbiosis
like those of chromists (e.g., cryptophytes: Douglas et al.
1991) and chlorarachneans (McFadden et al. 1994), but
with the loss of one of the four membranes (Palmer and
Delwiche 1998; Cavalier-Smith 1999, 2000).

Peridinin-containing dinoflagellate chloroplasts are
also extremely different in genome organization from
those of other photosynthetic organisms. Unlike in other
algae and higher plants, where chloroplast genomes are
single large circular molecules (around 120–200 kb) con-
taining approximately 140 to 250 genes (Palmer 1985;
Sugiura 1995; Reith 1995; Turmel et al. 1999a), each
chloroplast gene of many peridinin-containing dinofla-
gellates is on a separate minicircle (Zhang et al 1999). In
this respect they differ greatly from their nonphotosyn-
thetic sister group, the parasitic Sporozoa (e.g., malaria
parasites likePlasmodium falciparum), one subgroup of
which (the Coccidiomorpha; Cavalier-Smith 1998) has
relict plastids with many different genes on a much re-
duced single circular genome of around 35 kb (Wilson et
al. 1996). Sporozoans (apicomplexans) and dinoflagel-
lates are grouped with the less-well-characterized pro-
talveolate flagellates (e.g.,Perkinsus, Colpodella) and
with ciliates as a major protist group, known as alveo-
lates (Cavalier-Smith 1991, 1993a, 1998), because mem-
brane-bounded cortical alveoli are key shared features.
The evolutionary unity of the alveolates is well sup-
ported by other ultrastructural characters as well as by
nuclear 18S rRNA gene sequences (Gajadhar et al. 1991;
Cavalier-Smith 1993a) and actin sequences (Reece et al.
1997). A key question, therefore, is whether the plastids
of dinoflagellates and Sporozoa are directly related and
were present in their immediate alveolate common an-
cestor (Palmer 1992; Cavalier-Smith 1999) or were ac-
quired instead by independent endosymbiotic events
(Köhler et al. 1997).

Phylogenetic analyses of seven photosynthetic chlo-
roplast proteins ofH. triquetra suggested that dinofla-
gellate chloroplasts are related to those of chromists and
red algae (Zhang et al. 1999). However, as the relict
sporozoan plastids have lost all photosynthetic genes, the
relationship of dinoflagellate chloroplasts and sporozoan
plastids is still not clear. Several lines of evidence sug-
gest that sporozoan plastids may be related to red algal
and chromistan plastids (Williamson et al. 1994; McFad-
den and Waller 1997; Blanchard and Hicks 1999) like
those of dinoflagellates (Zhang et al. 1999; Takashita and
Uchida 1999), which favors the view that sporozoan and
dinoflagellate plastids may be directly related despite
their extremely different genome organization (Palmer
1992; Cavalier-Smith 1999). However, protein synthesis
elongation factortufA trees weakly suggested that spo-
rozoan plastids might have originated instead from a
green alga (Ko¨hler et al. 1997). Our present phylogenetic

analyses of ribosomal RNA and photosystem IIpsbA
genes from various dinoflagellates support the conclu-
sion fromH. triquetra chloroplast proteins that peridin-
ean dinoflagellate plastids are derived from a red alga,
like those of chromists. Furthermore, both ribosomal
RNA trees suggest that dinoflagellate chloroplasts are
related to sporozoan plastids, but the branches are so
long that additional data from nuclear-encoded plastid
proteins will be needed to eliminate the possibility that
this is simply an artifactual attraction of long branches.

Understanding the evolution of dinoflagellate chloro-
plasts is complicated by the fact that a few aberrant de-
rived dinoflagellate lineages have replaced their ances-
tral peridinin-containing chloroplasts by differently
pigmented chloroplasts acquired secondarily from unre-
lated algae. Judging by their diverse pigment composi-
tion and presence of additional membranes (Palmer and
Delwiche 1998), it is probable (but not yet demonstrated)
that those replacement plastids derived from haptophytes
(e.g.,Gymnodinium breve;Delwiche 1999; Tengs et al.
2000), cryptomonads (Dinophysis; Schnepf and El-
brächter 1988), and prasinophytes (Lepidodinium;Wa-
tanabe et al. 1990). Some of these (e.g.,Lepidodinium)
seem likely to have become fully integrated with the host
cell by acquiring a protein-import mechanism, but this is
dubious for those from diatoms (Chesnick et al. 1997) as
the diatom nuclei are still present within the endosym-
biont. These replacement plastids, however, are not di-
rectly relevant to the origin of the more typical peridinin-
containing dinoflagellate plastids, which our trees for
both 23S rRNA andpsbAconfirm are monophyletic.

Materials and Methods

DNA Extraction.Total DNAs were extracted from the dinoflagellates
Heterocapsa pygmaea(CCMP 1490),Heterocapsa niei(CCMP 447),
Heterocapsa rotundata(NEPCC D680),Protoceratium reticulatum
(NEPCC D535, formerly known asGonyaulax grindleyi), Scrippsiella
trochoidea(NEPCC D602),Thoracosphaera heimii(NEPCC D670) as
described forH. triquetra (Zhang et al. 1999). The same method was
used for DNA extraction fromAmphidinium carterae(CCMP 1314)
but without vortexing with glassbeads. OnlyA. carteraeDNA was
purified by CsCl gradients.

PCR Reactions.Specific dinoflagellate chloroplast 23S rRNA and
psbAprimers were designed based on theH. triquetra 23S RNA and
psbAsequences (Zhang et al. 1999). Degenerate primers were based on
all available chloroplast 23S rRNA andpsbAgene sequences (Table 1;
Fig. 1).

Primer pair 23S1/23S2 was used to amplify the most conserved
region (∼0.7 kb) of 23S rRNA genes from the eight dinoflagellate
species. Primers 23S2/23S3 (covering the 23S1/23S2 region) were used
to amplify a large fragment (∼1.6 kb) fromHeterocapsaspecies. Prim-
ers 23S1/23S4 and D23S1/D23S2 were used to amplify the rest of the
23S rRNA minicircles, including the noncoding region, fromHetero-
capsaspecies,A. carterae,andP. reticulatum.Primer pairs bA6/bA7
and bA1/bA5 were used to amplifypsbAminicircles fromHeterocapsa
species; bAf1/bAr1, bAf3/bAr1, and bAf2/bAr2 were used to amplify
the psbAminicircles from other dinoflagellates. PCR reactions were
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carried out for 35 cycles: 94°C for 30 s, 55°C for 30 s followed by
2 min at 72°C in a GeneAmp PCR system 9600 (Perkin-Elmer). Each
reaction (50ml) contained 0.2 mM dNTP, 1 × PCR buffer, 0.1–1.0mg
template DNA, 50–200 nmol primer, 2.0 or 2.5 mM MgCl2, 1.5–2.5
units Taq polymerase (Sigma or Rose). PCR products were purified
from low melting gels or using a purification kit (Amersham-Pharmacia
Biotech) and then used for sequencing.

The PCR product ofP. reticulatumfrom primer pair D23S1/D23S2
was cloned into pCR-TOPO vector using TOPO TA cloning kit (In-
vitrogen) according to the manufacturer’s instructions.

DNA Sequencing.Sequencing reactions were done in the Perkin-
Elmer GeneAmp 9600 using the ABI cycle sequencing protocol: 94°C
for 5 s, 50°C for 5 s, 60°C for 4 min for 25 cycles. Each reaction
contained 2–3ml FS-Taq or Bigdye, 20–30 ng DNA (purified PCR
product), 3–5 nmol primer, plus distilled water to 10ml. The sequenc-
ing samples were precipitated by adding 1/10 volume sodium acetate
(pH 5.2) and 2 volumes 95% ethanol, quenched on ice for 10 min,
centrifuged for 20 min, air-dried, and analyzed by an ABI 373 or 377
automatic sequencer. Traces from the sequencer were edited by Sta-
den’s Trev program; contigs were generated by Staden’s Gap4 program
(http://www.mrc-lmb.cam.ac.uk/pubseq).

Phylogenetic Analyses.23S rRNA and 16S rRNA sequence align-
ments were from the rRNA database (http://rrna.uia.ac.be). Additional
23S rRNA sequences ofPlasmodium falciparum(X95275-6),Plasmo-
dium berghei(U79732),Toxoplasma gondii(U87145), the dinoflagel-
late H. triquetra (CCMP449, AF130039), and seven other dinoflagel-
lates (H. pygmaea, H. niei, H. rotundata, A. carterae, P. reticulatum, S.
trochoidea,andT. heimii) were aligned manually with those from the
rRNA database in GDE (ver. 2.2) (Smith et al. 1994). Three masks
were used in phylogenetic analyses: mask1 (1316 bp from very con-
served regions), mask2 (1885 bp, less stringest than mask1), mask3
(2033 bp, the positions from mask2 plus adjacent regions where a few
taxa have small deletions).psbADNA and amino acid sequences were
aligned withpsbAfrom various photosynthetic organisms. Maximum
likelihood trees were constructed with global rearrangement and four
different jumbles using fastDNAml (Olsen et al. 1994). Rate hetero-
geneity (invariable sites and among site rate variation) was taken into
account (8 gamma rates + 1 invariable) in constructing quartet puzzling
trees using the HKY 85 model of PUZZLE (ver 3.1) with 1000 puz-
zling steps (Strimmer and von Haeseler 1996). The following trees
were constructed using Paup* 4.0 with the heuristic search option
(Swofford 1999): the maximum parsimony tree was constructed by
optimizing the characters with accelerated transformation
(ACCTRAN); the LogDet tree (LogDet/paralinear distance) and neigh-

bor joining tree (HKY 85 distance, gamma distribution rate with shape
parameter estimated from PUZZLE) were optimized by minimum evo-
lution, starting tree(s) being obtained by neighbor joining, and branches
were swapped by tree-bisection-reconnection (TBR).

Phylogenetic analyses ofpsbAnucleotides (only the first and sec-
ond nucleotides of the triplet codon were used) and amino acid se-
quences were carried out by neighbor joining and parsimony using
Phylip (ver. 3.5; Felsenstein 1993) and by fastDNAml. Parsimony and
maximum likelihood trees were constructed using global rearrange-
ment and neighbor joining trees using the PAM matrix (for protein) or
Kimura distances (for DNA). The input order of taxa was jumbled.
Bootstrap analyses of both 23S rRNA andpsbAdata sets were based on
500 resamplings.

Results

PCR Amplification of 23S rRNA Genes

Primer pair 23S1/23S2 that amplifies the most conserved
region of the 23S rRNA gave a product of approximately
0.7 kb from three close relatives ofH. triquetra: H. pyg-
maea, H. niei, H. rotundata,and four very distant rela-
tives: A. carterae, P. reticulatum, T. heimii,andS. tro-
choidea.Almost complete gene sequences were obtained
from theHeterocapsas using primer pair 23S2/23S3. In
the inverse PCR reactions for amplifying the rest of the
minicircles, primer pairs 23S1/23S4 produced one band
in H. pygmaea, H. niei,andH. rotundata,but degenerate
primers D23S1/D23S2 (Fig. 1) were needed to amplify
bands fromP. reticulatumandA. carterae.For each of
these species, the sequences of PCR products overlapped
and generated a single contig that could be circularized
to a minicircle. However, neither primer pair 23S1/23S4
nor D23S1/D23S2 yielded any product forT. heimiiand
S. trochoidea;this is consistent with evidence from
Southern blots (not shown) that their 23S rRNA and
psbAgenes are not organized as minicircles but are on
much larger DNA molecules (Zhang et al. in prepara-
tion).

Dinoflagellate chloroplast 23S rRNA genes are ex-
tremely divergent, so it is very difficult to align some
regions with other chloroplast 23S rRNAs. Close to the
38 end of 23S rRNA is the most conserved part (∼0.7 kb),
which is easy to align. The region (∼1.3 kb) upstream is
very divergent between dinoflagellates and other organ-
isms but very similar among theHeterocapsaspecies.
The P. reticulatum23S rRNA gene has a 166-bp inser-
tion (approximately 160 bp upstream of the 38 terminus)
that is not present in any other chloroplast 23S rRNA
genes.

The Dinoflagellate 23S rRNA Sequences Are
Chloroplast Genes

All maximum likelihood and parsimony trees gave two
clearly resolved groups: a cyanobacteria/chloroplast
group, and a noncyanobacterial bacteria/mitochondria

Table 1. Dinoflagellate chloroplast 23S rRNA and psbA primers

Name Sequence

23S1 58 GGCTGTAACTATAACGGTCC38
23S2 58 CCATCGTATTGAACCCAGC38
23S3 58 ATAAGTGGTTGTAGAAGAAAG38

23S4 58 TAATTCTTTCTTCTACAACCAC38

D23S1 58 YTACYCWAGGGWTAACAG38

D23S2 58 TTMWATSTTTCATGCAGG38
bA6 58 GCAAGATCAAGTGGGAAGTTG38
bA7 58 GCTCCACCAGTCGATATTG38
bA1 58 CCAAGAGCTTCCCAAACTG38
bA5 58 CAACTTCCCACTTGATCTTGC38
bAf3 58 ATCTTCGCTCCACCAGTTGAYATHGAYGG38
bAf1 58 GGTCAAGGTTCTTTCTCTGAYGGNATGCC38
bAr1 58 GTTGTGAGCGTTACGTTCRTGCATNACYTC38
bAf2 58 GTTAGTACAATGGCTTTCAAYYTNAAYGG38

bAr2 58 GGCATACCATCAGAGAATCWNCCYTGNCC38
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group with the mitochondria allied to thea-proteobac-
teria as expected (Fig. 2). In all other trees (LogDet,
neighbor joining, and quartet puzzling), chloroplasts and
cyanobacteria grouped together with high bootstrap sup-
port, but mitochondria did not group with thea-proteo-
bacteria (not shown). In all trees, the dinoflagellates form
a single group within the chloroplast cluster, indicating
that dinoflagellate 23S rRNA genes are chloroplast
genes, not mitochondrial genes, and that dinoflagellate
peridinin-containing plastids are monophyletic. How-
ever, the dinoflagellates branches are extremely long,
approximately twice that ofPlasmodiumand 1.5 times
longer than that of the longest mitochondrial branch,
Neurospora(Fig. 2). There was no significant difference
among the trees constructed using three different masks
differing in stringency (see methods).

Figure 2 has two major anomalies inconsistent with
previous work; the apparent paraphyly rather than holo-
phyly of Sporozoa and the grouping of euglenoids with
them (the alveolates) rather than with the green algae
from which their plastids undoubtedly originated (Tur-
mel et al. 1999a). The parsimony tree had the same
branching order for the plastids except that heterokonts
were also incorrectly paraphyletic. In neighbor joining
(gamma distribution,a 4 0.77), maximum likelihood,
and parsimony trees,Plasmodiumartifactually groups
with dinoflagellates, not the other sporozoanToxo-
plasma.A similar systematic error (grouping ofPlasmo-
diumwith dinoflagellates rather thanTheileria) was seen
on a mitochondrial cytochrome oxidase 1 (cox1) maxi-
mum likelihood tree (Inagaki et al. 1998). It seemed
possible that these errors in tree topology were caused by
base composition bias (Lockhart et al. 1994). The AT
composition of thePlasmodiumplastid genome is ex-
tremely high (A + T4 86.9%) (Wilson et al. 1996), and
the 23S rRNA genes have a higher AT% than those of
dinoflagellates,Toxoplasmaand euglenoids (Table 2),
which in turn are higher than those of green plants, red
algae and chromists. When a LogDet tree, which has the
reputation for correcting base composition bias, was con-
structed we found thatPlasmodiumandToxoplasmadid

form a clade with 93% bootstrap support, and the spo-
rozoans formed the sister group of dinoflagellates with
100% bootstrap support (inset on Fig. 1). However, the
LogDet tree placed both euglenoids and alveolates below
the rest of the chloroplasts and grouped the mitochondria
with the plastid/cyanobacterial clade, not thea-proteo-
bacteria. In quartet puzzling trees, the sporozoans also
grouped together as a sister group of dinoflagellates.

Errors in tree topology can also result from highly
unequal evolutionary rates in different taxa (Felsenstein
1978; Olsen 1987; Hillis et al. 1994). Rate variation
among sites is almost universal in molecular evolution
(Van de Peer et al. 1996) but was not taken into account
by the fastDNAml program used for Fig. 2. To see if this
was a problem, quartet puzzling trees were constructed
where rate heterogeneity was considered (eight gamma
categories). The puzzling tree gave the same topology as
the LogDet tree for Sporozoa and dinoflagellates with
52% puzzling step support for the sporozoan clade and
55% for the alveolate grouping of Sporozoa and dino-
flagellates, but the euglenoids still incorrectly grouped
with the alveolates (not shown). A gamma distribution
neighbor joining tree (a 4 0.77) was overall similar to
the maximum likelihood tree of Fig. 2, but worse in that
euglenoids and heterokonts also incorrectly appeared
paraphyletic.

Relationships Among the Chloroplast 23S rRNA Genes

In an attempt to resolve the topology of the chloroplast
cluster more clearly, especially the relationship between
Sporozoa and dinoflagellates, phylogenetic trees were
constructed using chloroplast and cyanobacterial rRNA
sequences only, i.e., excluding the more distant bacterial
and mitochondrial sequences which might somewhat
perturb the trees using the data set of Fig. 2. In the
neighbor joining tree (gamma distribution parametera
4 0.74) (Fig. 3) and LogDet tree (Fig. 4), sporozoans
form a monophyletic and holophyletic group with boot-
strap supports of 84% and 94%, respectively. Sporozoa

Fig. 1. Structure ofH. triquetra
minicircles encoding 23S rRNA and
psbA.Coding region, black;
noncoding region, white (Zhang et
al. 1999). Primers were designed
based onH. triquetra gene
sequences, except for degenerate
primers D23S1/D23S2 and bAf/bAr.
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Fig. 2. Maximum likelihood tree of 23S rRNA sequences (1885 bp)
of chloroplasts, mitochondria, and bacteria (ln likelihood4

−49,685.99168). Bootstrap values of the gamma distribution (a 4

0.77) neighbor joining tree (above), and maximum parsimony tree (be-
low) expressed as percentage of 500 resamplings; bootstrap values of
a–f: a (/85), b (/69), c (96/94), d (100/99), e (86/99), f (90/94). Boot-

strap values below 50% are not shown. Inset shows a sister relationship
between a holophyletic Sporozoa and dinoflagellates on the relevant
part of a LogDet tree for the same 48 23S rRNA sequences; here the
bootstrap values are percentages of 500 resamplings (above) or per-
centages of 1000 puzzling steps (below). Scale bar indicates 0.1
changes per base pair.
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is the sister group of dinoflagellates in both trees with
$98% bootstrap support (Figs. 3, 4). However, maxi-
mum likelihood, maximum parsimony, and quartet puz-
zling trees gave the same artifactual grouping as Fig. 2
(noninset) with respect to the sporozoanPlasmodiumas
the sister group of dinoflagellates (not shown). In quartet
puzzling trees in which rate variation among sites was
taken into account, the inclusion of invariable sites did
not affect tree topology, although thea values were dif-
ferent; in all trees, the euglenoidsEuglenaand Astasia
are still in the red algae/chromists group, misleadingly
strongly supported with high bootstrap values (Figs. 3,
4). On mitochondrialcox1 trees (Inagaki et al. 1998)
Euglenozoa also artifactually cluster with Miozoa (the
phylum including dinoflagellates and Sporozoa; Cava-
lier-Smith 1999). Neighbor joining trees (not shown)
were also constructed by Treecon considering transver-
sions only (Van de Peer and de Wachter 1994), but the
tree topology was not significantly different from those
of Figs. 3 and 4.

Phylogenetic trees (quartet puzzling, neighbor join-
ing, LogDet, and maximum parsimony, not shown) were
also constructed for chloroplast 23S rRNAs omitting ei-
ther dinoflagellates or sporozoans or euglenoids; the re-
maining two were sister groups (e.g., dinoflagellates and
sporozoans) within the chl a/c–red algal cluster. If two of
them were omitted, the remaining one was still within the
chl a/c–red algal cluster (not shown).

Phylogenetic Analyses of Chloroplast 16S
rRNA Sequences

Maximum likelihood analysis using the dinoflagellateH.
triquetra 16S rRNA gene (Zhang et al. 1999) also
showed artifactual grouping ofH. triquetra with Plas-
modiumto the exclusion ofToxoplasma(Fig. 5). As for
23S rRNA, LogDet correctly showed the sporozoan
clade, but the long branchProtothecamoved to become
sister to Sporozoa.Prototheca,which is an aberrant col-
orless green alga, should have grouped with theChlo-
rella/Nanochlorumclade, but it also remained with Spo-
rozoa on gamma distribution neighbor joining trees. In
such gamma trees,H. triquetra grouped with the long
branch chlorarachnean sequences, but the position of
their artifactual clade was wildly unstable, depending on
whether the heuristic search option (Paup 4.0) was used
or not. The relative position of the three chromist groups
(cryptomonads, heterokonts, and haptophytes) differed
between the trees. Because of their lack of robustness
and the systematically biased grouping of long branch
Prototheca,alveolate, euglenoid, and chlorarachnean
clades, 16S rRNA trees cannot be relied on for the ac-
curate reconstruction of chloroplast phylogeny, contrary
to what is sometimes assumed (Medlin et al. 1995).

psbA Protein Trees

psbAgenes were amplified fromH. pygmaea, H. niei,
andH. rotundatausing primer pairs bA6/bA7 and bA1/
bA5 (Fig. 1). Primer pair bA6/bA7 gave one band from
the three species; bA1/bA5 yielded one band fromH.
niei andH. rotundata,but two bands fromH. pygmaea
with a 0.5-kb difference in size (Zhang et al. 1999).
Heterogeneity of the noncoding region of thepsbA
minicircles in H. pygmaeawas originally revealed by
the presence of two bands in a blot of electrophoretically
separated uncut total DNA blot hybridized with a spin-
ach psbAprobe (Zhang et al. 1999). Direct sequencing
of the two PCR products revealed that the size differ-
ence was caused by short indels in the noncoding re-
gion, showing thatH. pygmaeahas two kinds ofpsbA
minicircles, identical in the coding region but different in
the noncoding region (Zhang et al. in preparation). Nei-
ther bA6/bA7 nor bA1/bA5 gave products forA. car-
terae or P. reticulatum.Degenerate primer pairs bAf1/
bAr1 and bAf3/bAr1 did amplifypsbAfrom A. carterae,
T. heimii,andS. trochoidea,but only bAf1/bAr1 gave a
product (0.5 kb) fromP. reticulatum (Fig. 1). Direct
sequencing of the PCR products indicated that thepsbA
gene is on a minicircle inH. pygmaea, H. niei, H. ro-
tundata,and A. carterae.In contrast to the 23S rRNA
genes, dinoflagellatepsbAgenes are well conserved in
DNA and protein sequence and were easily aligned with
psbAsequences of other organisms.

Neighbor joining and maximum parsimony trees of
psbAprotein (309 amino acids) showed two clusters: a

Table 2. Base composition of chloroplast and cyanobacterial 23S
rRNA sequences

Species Sites (bp) AT%

Marchantia polymorpha 1878 46.80
Zea mays 1879 45.40 Higher plants
Pisum sativum 1875 46.20
Pinus thunbergiana 1880 45.80

Chlamydomonas reinhardtii 1882 50.00 Green algae
Chlorella vulgaris 1867 49.10

Porphyra purpurea 1882 49.90 Red algae
Palmaria palmata 1881 50.20

Cyanophora paradoxa 1883 48.90 Glaucophyte

Plasmodium falciparum 1873 76.30 Sporozoa
Plasmodium berghei 1870 74.70

Amphidinium carterae 1768 54.60
Protoceratium reticulatum 1853 64.40
Heterocapsa triquetra 1877 67.80 Dinoflagellates
Heterocapsa pygmaea 1877 68.00
Heterocapsa niei 1876 68.20
Heterocapsa rotundata 1876 67.00

Pylaiella littoralis 1878 51.90 Heterokonts
Odontella sinensis 1879 52.60

Guillardia theta 1883 50.60 Cryptomonad

Anacystis nidulans 1879 46.00 Cyanobacteria
Synechocystic sp. 1880 48.00
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green plant/euglenoid (chl a/b) cluster, and a red alga/
chromist/dinoflagellate cluster (Fig. 6). In the latter,
dinoflagellates are clearly monophyletic and weakly sis-
ters to heterokonts (with low [53%] bootstrap support).
Euglenagroups withChlorella in the green plant cluster.
This is consistent with the phylogenetic conclusions
about the topology of dinoflagellates andEuglenadrawn
from trees made with seven concatenated protein se-
quences (Zhang et al. 1999), i.e., it supports the idea that
dinoflagellate chloroplasts are related to red algal and
chromist chloroplasts, whereasEuglenachloroplasts are
related to green algal chloroplasts. The identical C-
terminal truncation of the PsbA protein precursor in
Euglenaand most dinoflagellates (Takishita and Ushida

1999; Zhang et al. 1999) compared with other eukaryotes
must therefore be convergent.

The glaucophyteCyanophoragroups weakly with the
green clade, in contrast to the 23S rRNA tree, where it is
the sister to the red algal/chl a/c clade, and the 16S rRNA
tree where it is basal to both as in concatenated protein
trees (Martin et al. 1998; Zhang et al. 1999; Turmel et al.
1999a). Thus, the branching order of glaucophytes rela-
tive to the red and green algal clade remains uncertain.

Relationships Among the Dinoflagellates

As our chloroplast gene trees have many fewer dinofla-
gellate taxa than those for nuclear 18S rRNA (Saunders

Fig. 3. Gamma distribution (a 4 0.74, 1 invariable + 8 gamma categories) neighbor joining tree of chloroplast 23S rRNA sequences (1885 bp)
with bootstrap values as percentages of 500 resamplings. Inset is a gamma distribution (a 4 0.57) neighbor joining tree of partial chloroplast 23S
rRNA sequences (601 bp) showing the topology of the eight dinoflagellate species. Scale bar corresponds to 0.1 changes per base pair.
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et al. 1997), they are much less satisfactory for resolving
the branching order within the dinoflagellates. Neverthe-
less, the branching order in the gamma distribution
neighbor joining tree (Fig. 3) is identical to that for 18S
rRNA. Most other trees, however, suffer from the long
branch problem: in Figs. 2 and 4 the extra-long branch
Amphidiniumis incorrectly at the base and Fig. 6 orders
dinoflagellate taxa simply according to their branch
lengths, not their known affinities. Thus in addition to
dinoflagellate plastid genes having a systematically ul-
tra-rapid evolutionary rate, there are marked rate differ-
ences between taxa that make them less suitable than
nuclear genes for accurately reconstructing phylogeny.

Discussion

Ancestral Peridinean Dinoflagellates Probably Had
Chloroplasts with Peridinin and Minicircles

Phylogenetic analyses of 23S rRNA andpsbA protein
confirm the dinoflagellates are a monophyletic group and
indicate that peridinin-containing dinoflagellate chloro-
plasts all have a common ancestry. Our data set includes
representatives of the two major lineages that diverged at
the base of the Peridinea (Saunders et al. 1997):Am-
phidinium/Protoceratiumon the one hand andHetero-

Fig. 4. LogDet tree of chloroplast 23S rRNA. Bootstrap values are percentages of 500 resamplings. Inset is from a LogDet tree of partial
chloroplast 23S rRNA sequences (601 bp) showing the topology of the eight dinoflagellate species. Scale bar corresponds to 0.05 changes per base
pair.
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capsa/Thoracosphaera/Scrippsiellaon the other (Fig. 7).
The monophyly of peridinin-containing dinoflagellate
plastids, robustly shown by both ourpsbAand 23S rRNA
trees as well as by thepsbAdata of Takashita and Uchida
(1999), suggests, if the 18S rRNA tree (Saunders et al.
1997) is correct, that the latest common ancestor of peri-
dinean dinoflagellates had a peridinin-containing plastid

and that all heterotrophic peridinean dinoflagellates have
secondarily lost plastids, contrary to the widespread as-
sumption that the ancestral peridinean was nonphotosyn-
thetic. However, since on 18S rRNA trees the two other
nonphotosynthetic dinoflagellate groups (Noctiluca and
Syndinea) diverge from photosynthetic peridineans be-
fore the split between theAmphidiniumandHeterocapsa

Fig. 5. Maximum likelihood tree of chloroplast 16S rRNA (1247 bp; ln likelihood4 −8490.22911). Bootstrap values are the percentage of 500
replicates for separate gamma distribution neighbor (a 4 0.46, above) and maximum parsimony trees (below); bootstrap values of a–g: a (92/99),
b (87/100), c (81/88), d (97/98), e (99/95), f (74/51), g (96/100). Scale bar corresponds to 0.1 changes per base pair.
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lineages (Saunders et al. 1997; Gunderson et al. 1999),
we cannot yet conclude that the latest common ancestor
of all dinoflagellates was photosynthetic, as one of us
recently proposed (Cavalier-Smith 1999). As shown in
Fig. 7 and deduced previously (Zhang et al. 1999), the

chloroplast genome was probably fragmented into single
gene minicircles in the ancestral peridinean dinoflagel-
late; if, as our preliminary results forThoracosphaera
andScrippsiellasuggest, some dinoflagellates eventually
turn out to lack typical chloroplast DNA minicircles, but

Fig. 6. Neighbor joining tree ofpsbAprotein sequences (309 amino
acids). Bootstrap values expressed as percentage of 500 resamplings for
neighbor joining (above) and maximum parsimony (below); bootstrap
values of a–c: a (74/67), b (63/), c (61/52). The following dinoflagellate
psbA protein sequences are from Genbank:Heterocapsa triquetra
(CCMP 449, AF130033),Heterocapsa triquetra(M-AP7, ABO25587),
Alexandrium catenella(TN7, ABO25590),Alexandrium tamarense

(OF151, ABO25589),Amphidinium carterae(NIES-331, ABO25586),
Prorocentrum micans(NIES-12, ABO25585), andLingulodinium
polyedra(ABO25588). Inset is a neighbor joining tree of partialpsbA
protein sequences (261 amino acids) showing phylogenetic relation-
ships among the dinoflagellates, the arrow indicates the position ofP.
reticulatumwhen its partialpsbAprotein sequence of (151 amino ac-
ids) is included. Scale bar corresponds to 0.1 changes per amino acid.
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have substantially larger DNA molecules instead, such
larger size must be a secondarily derived property (un-
less minicircles evolved independently in theAm-
phidinium/Protoceratiumand Heterocapsalineages,
which is highly unlikely). The fragmentation of a typical
large chloroplast genome with scores of genes and a
single replication origin into 10 (or more) separate single
gene minicircles, each bearing closely related noncoding
sequences, would have been a complex and inherently
improbable succession of events; therefore it is much
less likely to have occurred even twice independently in
different dinoflagellate lineages than several increases in
molecular size, whether by expansion of minicircles by
duplications, recombination between them, or by gene
transfer to the nucleus.

A Common Photosynthetic Ancestor for Dinoflagellates
and Sporozoa?

A second key question is whether the common ancestor
of dinoflagellates and Sporozoa was photosynthetic
(Palmer 1992; Cavalier-Smith 1999) or nonphotosyn-
thetic (Köhler et al. 1997); in other words, did sporozoan
and peridinean dinoflagellate plastids have a common or
an independent secondary origin? Unfortunately, dino-
flagellate branches are extremely long in both 23S and

16S rRNA andpsbA trees. Although dinoflagellates
group with sporozoans (joined by euglenoids at the base)
within the red algal/chl a/c group in all our 23S rRNA
trees with strong bootstrap support, we cannot rule out
the possibility that this grouping of dinoflagellates and
sporozoans is a “long branch artifact” (Felsenstein 1978;
Philippe and Laurent 1999). Because some mitochon-
drial branches are longer than those of sporozoan plastids
(Fig. 2), but these mitochondria did not group with dino-
flagellate plastids that have the longest branches, it is
possible that the grouping of dinoflagellates with Sporo-
zoa in both 23S and 16S rRNA trees is not purely arti-
factual but may reflect a genuine common origin for their
plastids. Dinoflagellate chloroplast sequences do group
with those long branching mitochondrial sequences in
neighbor joining trees if rate variation among sites is not
taken into account (not shown). This illustrates the im-
portance of using phylogenetic methods incorporating
such rate variation (Yang 1996). However, taking into
account rate variation among sites (including variant
sites) in puzzling analyses did not change the sister re-
lationship of dinoflagellates and sporozoans.

Distantly related species with similar base composi-
tions tend to cluster (Lockhart et al. 1994, 1996), but
LogDet analysis that reputedly corrects for base compo-
sition bias did not change the grouping of dinoflagellates

Fig. 7. Schematic relationship between
selected dinoflagellates and other
alveolates. The branching order follows
nuclear 18S rRNA trees (Saunders et al.
1997; Gunderson et al. 1998; and our
unpublished maximum likelihood
analysis suggesting thatNoctilucaand
the syndineanAmoebophryaare sisters),
except forLingulodininiumand
Protoceratiumfor which molecular data
are not yet published; however, their
thecal morphology unambiguously
shows them to be related to the other
gonyaulacaleans,Crypthecodiniumand
Alexandrium.Dinoflagellates with
peridinin-containing plastids are marked
P; those that have lost them are shown
by an asterisk; several replaced them by
differently pigmented plastids from
other eukaryotic algae (replacement
plastid sources are: D4 diatoms; H4

haptophytes; G4 green algae; C4
cryptomonads). Dinoflagellates known
to have single gene circles are
underlined. Chloroplasts with both
peridinin and minicircles were almost

certainly present in the ancestral peridinean (position 3), but the symbiogenesis that implanted a red algal plastid into their ancestors may have
taken place earlier (at positions 2 or 1). If, as we argue, plastids of red algal origin were probably already present in the common ancestor of
dinoflagellates and Sporozoa (position 2), they must also have been lost independently in two further lineages: i.e., in the common ancestor (#)
of the nonperidinean dinoflagellate classes (Noctilucea and Syndinea) and within Sporozoa in theCryptosporidiumlineage (which lacks
plastids; Zhu et al. 2000). If they were acquired even earlier (position 1) in a single symbiogenetic event in the common ancestor of alveolates
and chromists, in which chlorophyll c2 was postulated to have evolved once only (Cavalier-Smith 1999), then the ancestors of ciliates and of
Perkinsusmust also have lost plastids.
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and sporozoans. However, in all the rRNA trees the dino-
flagellate and sporozoan branches are so long that we
should be cautious when interpreting them, because none
of the methods tried could move the euglenoids andPro-
tothecato the green group, and so did not eliminate every
long branch problem.

In almost all the trees, the dinoflagellates and sporo-
zoans are within the red algae/chromists group, while
green plants and glaucophytes are most distant. The only
tree where this is not true (a LogDet tree of 23S rRNA
sequences, not shown) does not group them with green
plants or glaucophytes either but at the base. These trees
are consistent with the evidence from conserved gene
clusters that sporozoan plastids originated from outside
the green plastid lineage (Blanchard and Hicks 1999),
probably from a red alga as revealed by the similarity of
ORF 470 (Williamson et al. 1994) and ribosomal protein
clusters (Stoebe and Kowallik 1999) between the sporo-
zoanPlasmodium falciparumand a red alga. The con-
gruence between our trees and the gene-cluster data
make unlikely a green algal origin of sporozoan plastids,
as was inferred from phylogenetic analyses of thetufA
gene (Köhler et al. 1997). The bootstrap support of the
tufA topology is weaker than that for a red algal ancestry
on our present trees and very much weaker than that for
a red algal ancestry on the concatenated protein gene
trees (Zhang et al. 1999). Because of the presence of an
envelope of three membranes surrounding the dinofla-
gellate plastid, it was suggested that dinoflagellate chlo-
roplasts originated from secondary endosymbioses (Gibbs
1981). Although the presence of three membranes could in
principle have been explained in terms of a primary endo-
symbiosis in which the food vacuole membrane surround-
ing the double cyanobacterial envelope was retained to
form a third membrane (Cavalier-Smith 1982), that hypoth-
esis would predict dinoflagellate plastid sequences to
branch lower on the trees than sequences from plastids with
two membranes (glaucophyte, red algae, and green plants,
i.e., the kingdom Plantae). With the exception of the Log-
Det tree (not shown), all our present trees, and the earlier
concatenated tree (Zhang et al. 1999) rule out such an early
divergence with reasonably high confidence; therefore, we
conclude that peridinin-containing dinoflagellate plastids
most probably evolved by secondary symbiogenesis, not
directly from a cyanobacterium.

Our phylogenetic analysis of numerouspsbA genes
clearly supports the idea that dinoflagellate chloroplasts
probably originated from a red alga by secondary endo-
symbiosis and are therefore related to chromistan chlo-
roplasts (Zhang et al. 1999; Takishita and Uchida 1999).
The evidence from the rRNA genes is also broadly con-
sistent with this, but is rather more ambiguous as long
branch lineages properly belonging in the chlorophyll a/b
clade group with the alveolates. However, the fact that
when these long branch taxa are excluded, dinoflagel-

lates and Sporozoa still branch with the red algal/chl a/c
clade favors a red algal rather than a green algal ancestry
for both dinoflagellate and sporozoan plastids. The fact
that dinoflagellates and Sporozoa were at the same po-
sition on both the ribosomal RNA trees, irrespective of
whether only one or both groups were included in the
tree, indicates that their overall position is not simply a
consequence of their two long branches attracting each
other.

A direct common ancestry for dinoflagellate and spo-
rozoan plastids (Palmer 1992; Cavalier-Smith 1999)
therefore remains the most parsimonious working hy-
pothesis because of their common relationship to red
algae and similarity of protein-targeting mechanisms
(Cavalier-Smith 1999), but it requires more rigorous test-
ing by sequencing genes for nuclear-encoded plastid pro-
teins. If these do not suffer from the extremely elevated
evolutionary rates of the minicircle genes, they may be
able more decisively to answer the question.

Ultra-Rapid Evolution of Alveolate Organelle Genomes

The question arises: Why do dinoflagellate and sporo-
zoan chloroplast genes evolve so exceptionally rapidly?
One possibility is that this is an indirect consequence of
their apparently much smaller gene content than other
chloroplasts (Wilson et al. 1996; Zhang et al. 1999). A
smaller plastid gene content might be expected to reduce
the strength of stabilizing selection for the retention of
accurate replication and efficient DNA repair of the re-
sidual plastid DNA, because fewer different proteins
would be affected by slight random drift away from an
optimal sequence. A comparison with exceptionally high
evolutionary rates of mitochondrial DNA is interesting in
this connection: in trees for the mitochondrial gene cy-
tochrome oxidase 1 (cox1) the branches for the alveo-
lates (dinoflagellates, sporozoans, and ciliates) are also
exceedingly long, with those of ciliates by far the longest
(Inagaki et al. 1998). This interesting similarity to our
chloroplast trees raises the possibility that there may be
shared features of the DNA replication or repair machin-
ery of both mitochondria and chloroplasts (neither or-
ganelle encodes its own machinery and all is nuclear
encoded) and that one or more common elements were
lost or modified in such a way as to drastically increase
the net replication error rate in both genomes in the an-
cestral alveolate.

Gene reduction is also a prominent feature of such
alveolate mitochondria. The sporozoan mitochondrial
genome is exceptionally reduced in gene content, having
just three polypeptides (Feagin 1992) and the possibility
exists that this is also true for their dinoflagellate sisters
in which no other protein genes have yet been found
(Norman and Gray 1997; personal communication).
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However, as the ciliate mitochondrial genome is not ex-
ceptionally reduced in gene content (Pritchard et al.
1990), such reduction cannot be an obligatory prerequi-
site for the origin of ultra-rapid evolutionary rates in
organelle genomes. Possibly therefore the bias toward
ultra-rapid organelle mutation arose purely accidentally
in the ancestral alveolate.

There is however a frequent, albeit nonabsolute cor-
relation between reduction in gene numbers, unusual ge-
nome organization, and unusually rapid nucleotide and
amino acid substitution in both organelle genomes. Thus,
the second longest branches on thecox1 tree are the
Euglenozoa, which have very unusual mitochondrial
DNA that is well characterized only in kinetoplastid
flagellates with their remarkable kinetoplast DNA and
RNA pan-editing (Maslov et al. 1994). As mentioned
above, on the mitochondrialcox1 tree (Inagaki et al.
1998) their very long branch causes Euglenozoa to be
placed artifactually within the alveolates and group as
sisters to the Miozoa (dinoflagellates and Sporozoa) just
as in most of our chloroplast rRNA trees (Figs. 2, 3–5).
In further support of a connection between abnormal
genomes and long branches, the third longest branch on
the cox1 tree and on three-gene and seven-gene trees
(Turmel et al. 1999b) is a chlorophycean subgroup of
green algae (incorrectly separated from other green
plants on the tree because of its unusual branch length;
Inagaki et al. 1998) that includesChlamydomonas,
which has a dwarfed and linearized mitochondrial ge-
nome with fragmented and jumbled genes (Boer and
Gray 1988). The frequency with which such radically
derived organellar genes are found in lineages with
ultra-rapid substitution rates (e.g., Turmel et al. 1999b)
suggests that radical genome rearrangements and ultra-
rapid substitution may have a common underlying evo-
lutionary cause: possibly an elevated rate of mutation
caused by sloppier DNA replication, recombination, or
repair. Any such relationship must be rather loose and
stochastic rather than deterministic because the genomic
novelties (e.g., minicircles in dinoflagellates alone
among alveolates and kinetoplast DNA with maxicircles
and minicircles in kinetoplastids alone among Eugleno-
zoa) are exceedingly rare (unique) evolutionary acci-
dents, probably of no adaptive significance (Cavalier-
Smith 1993b). It is probably not realistic to think that
mutation pressure plays the dominant role in the evolu-
tion of coding sequences (Kimura 1983; Ayala 1999),
though this is probably essentially true for noncoding
DNA sequences. The general inequality of branch
lengths and erratic distribution of exceptionally long
branches on molecular trees for different genes suggests
instead that there is a frequently changing balance be-
tween mutation pressure and stabilizing (or, more rarely,
directional) selection that can be much more dramati-
cally shifted by unpredictable evolutionary accidents af-
fecting the DNA manipulating machinery. Although the

particular mutational changes that affect substitution
rates might not be the same as those involved in genomic
rearrangements, both would have more chance of fixa-
tion by random drift if stabilizing selection became
weaker. Therefore it may not be entirely coincidental that
dinoflagellates have a more rapid substitution rate in
their chloroplast genes as well as a more aberrant ge-
nome organization than do Sporozoa. An early substan-
tial reduction in dinoflagellate chloroplast genome size
by extensive gene transfer to the nucleus and/or loss of
genes, as their unusually restricted gene composition
(Zhang et al. 1999) favors, could significantly have
weakened stabilizing selection for accuracy of the chlo-
roplast DNA manipulating machinery, and thereby led to
the ultra-rapid substitution rates that we observe here for
rRNA andpsbA,and indeed for all their protein-coding
genes yet studied (Zhang et al. 1999).
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