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Summary. The sequence of two divergent do-
mains (D1 and D8) from dinoflagellate 24S large
subunit rRNA was determined by primer extension
using total RNA as template. Nucleotide sequence
alignments over 401 bases have been analyzed in
order to investigate phylogenetic relationships with-
in this highly divergent and taxonomically contro-
versial group of protists of the division Pyrrhophyta.
Data are provided confirming that dinoflagellates
represent a monophyletic group. For 11 out of the
13 investigated laboratory grown species, an addi-
tional domain (D2) could not be completely se-
quenced by reverse transcription because of a hid-
den break located near its 3'-terminus. Two sets of
sequence alignments were used to infer dinoflagel-
late phylogeny. The first [199 nucleotides (nt)] in-
cluded conservative sequences flanking the D1 and
D8 divergent domains. It was used to reconstruct a
broad evolutionary tree for the dinoflagellates, which
was rooted using ZTetrahymena thermophila as the
outgroup. To confirm the tree topology, and mainly
the branchings leading to closely related species, a
second alignment (401 nt) was considered, which
included the D1 and D8 variable sequences in ad-
dition to the more conserved flanking regions. Spe-
cies that showed sequence similarities with other
species lower than 60% on average (Knuc values
higher than 0.550) were removed from this analysis.
A coherent and convincing evolutionary pattern was
obtained for the dinoflagellates, also confirmed by
the position of the hidden break within the D2 do-
main, which appears to be group specific. The re-

constructed phylogeny indicates that the early emer-
gence of Oxyrrhis marina preceded that of most
Peridiniales, a large order of thecate species, whereas
the unarmored Gymnodiniales appeared more re-
cently, along with members of the Prorocentrales
characterized by two thecal plates. In addition, the
emergence of heterotrophic species preceded that of
photosynthetic species. These results provide new
perspectives on proposed evolutionary trees for the
dinoflagellates based on morphology, biology, and
fossil records.
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Introduction

Ribosomal RNAs provide molecular markers that
are particularly informative in the study of phylog-
eny because their function and structure have been
conserved to a large extent through the evolutionary
history of organisms. They constitute, for subse-
quent reference, a growing data base consisting of
partial rRNA sequences determined by primer ex-
tension methods using reverse transcriptase (Qu et
al, 1983; Laneet al. 1985), as well as of cloned - DNA
sequences. Sequences of the largest rRNAs (16~18S
and 23-288S) are thus far the most powerful molec-
ular markers to evaluate either long- or short-range
phylogenies. Pro- and eukaryotic large subunit rRINA
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(23-28S LsuRNA), for instance, display a common,
largely conserved structural core, which in eukary-
otes is interspersed with 12 divergent, more rapidly
evolving domains (D1-D12) (Hassouna et al. 1984;
Michot et al. 1984). The conservative core [>2000
nucleotides (nt)] constrained by heavy selective
pressure, is suitable for phylogenetic evaluation
among distant taxa and has been used recently to
infer evolutionary relationships among archaebac-
teria (Leffers et al. 1987; Gouy and Li 1989a) and
eukaryote kingdoms (Cedergren et al. 1988; Lenaers
et al. 1989; Gouy and Li 1989b). Partial sequences
limited to conservative domains near the 5' end of
the LsuRNA have been used to infer phylogenetic
relationships among helminths (Qu et al. 1986; Gill
et al. 1988), protists (Baroin et al. 1988), and algae
(Perasso et al. 1989).

On the other hand, divergent domains display a
high rate of sequence variation and in some cases
(D2, D8, and D12) have dramatically increased in
length during evolution (Michot and Bachellerie
1987). Therefore, they do not provide useful infor-
mation for the comparison of distant organisms.
However, some of these domains (mainly D1, D3,
D8, and, to some extent, D2) have the potential to
be useful for phylogenetic and taxonomic analyses
of closely related species. So far, a limited number
of analyses have been conducted in order to test the
information of divergent domains for such short-
range phylogenies. Qu et al. (1988) have investigated
the 5’ terminal domain of eukaryotic LsuRNAs,
They demonstrated that the D1 divergent domain
can be successfully used to infer phylogenetic rela-
tionships among related taxa, provided the cluster-
ing of groups of closely related species has been
established by comparison of the two flanking con-
servative tracks. In their analysis of relationships
between the protists, Baroin et al. (1988) showed
that the clustering of five ciliate species was identical
when comparing the sequences of either the D1 di-
vergent domain or flanking conservative regions. In
a previous comparison of primary and secondary
structure of divergent domains (Lenaers et al. 1988)
we defined a 277-nt-long sequence alignable among
protists, representing all or part of the fast evolving
D3, D8, D9, and D10 domains. This analysis al-
lowed us to derive close relationships between yeast,
ciliates, and dinoflagellates, which were later con-
firmed by conservative core sequence comparisons
(Lenaers et al. 1989).

Here, we further investigate two variable do-
mains (D1 and D8) and their flanking conservative
regions and evaluate their usefulness for the infer-
ence of phylogenetic relationships among the di-
noflagellates.

Dinoflageliate protists (Pyrrhophyta) represent a
highly diversified phylum, consisting of two classes

(Dodge 1984), Dinophyceae (about 130 genera and
4000 species) including mostly free-living sea-water
species (photosynthetic or heterotrophic), and in-
tracellular parasitic Syndiniophyceae (about 40 spe-
cies). Members of the main class, Dinophyceae, are
mainly characterized by a complex cellulose cell
covering (thecae) and a peculiar nucleus having (al-
most) permanently condensed chromosomes and a
chromatin devoid of histones and nucleosomes
(Herzog and Soyer 1981; Rizzo 1987; Vernet et al.
1990).

The great ultrastructural and biochemical diver-
sity among dinoflagellate species has resulted in con-
flicting classifications and phylogenetic models.
Tentative classifications of extant and fossil dino-
flagellates [the earliest unequivocal records are from
the Late Silurian, 400 million years (Myr) ago] are
primarily based on morphology of motile cells and
cysts, number, shape, and tabulation of the thecal
plates, motility, ultrastructure, and limited bio-
chemical data (Loeblich 1976, 1984; Taylor 1980,
1987; Dodge, 1984; Sournia 1986). Evolutionary
patterns proposed for Dinophyceae are mainly based
upon the five recognized organizational types (pro-
rocentroid, dinophysoid, gymnodinioid, gonyaula-
coid, and pendinioid), which have been taken to
represent lineages derived from ancestral desmo-
konts (apical flagella; Taylor 1980).

Three conflicting models (reviewed in Bujak and
Williams 1981; Goodman 1987) have been pro-
posed to describe phylogenetic relationships be-
tween main orders within the division, with em-
phasis on thecal plate numbers and arrangement:
(1) a plate increase model mainly inferred from bi-
ological considerations (Loeblich 1976; Taylor 1980)
suggesting that thecate species (Prorocentrales, Peri-
diniales) represent a more primitive condition,
whereas unarmored forms (Gymnodiniales) are a
derived, or more advanced, state; (2) a plate reduc-
tion model supported by Mesozoic to Tertiary fossil
records (limited to cyst-forming species: Dorhorfer
and Davis 1980; Eaton 1980), later adopted by
Loeblich (1984), suggesting that a large number of
thin plates preceded smaller numbers so that the
Gymnodiniales are considered the most primitive
forms and the Prorocentrales the more advanced;
and (3) a plate fragmentation model (Bujak and Wil-
liams 1981) combining biologica! and paleontolog-
ical patterns, according to which Prorocentrales (an-
teriorly flagellated, cellulosic thecae primarily
composed of two valves) represent the most ancient
lineage. Differentiation of the thecae into numerous
plates and a change in the flagella insertion gave rise
to the Gonyaulacales and most Peridiniales, and
ultimately in one line to the Gymnodiniales through
reduction of the thecae to the unarmored condition.

In order to provide independent criteria for eval-



Table 1. Reference list of the investigated dinoflagellate species

35

Abbre-
Species Strain viation Order® Culture collection source Medium®
Prorocentrum micans 1136/1 P.m.  Prorocentrales Cambridge, UK Erdschreiber
Cachonina niei ME46  C.n.  Peridiniales incertae sedis Helgoland, FRG F/2
Heterocapsa pygmea ME71 Hp. Peridiniales incertae sedis Helgoland, FRG Fr2
Amphidinium carterae 1102/1 A.c Gymnodiniales Cambridge UK Fr2
Gymnodinium sp. - G.sp. Gymnodiniales Banyuls-sur-Mer, France Fr2
Woloszynskia coronata 1117/2 W.c. Gymnodiniales CCAP, Scotland B.B.M.
Alexandriume catenella Bgtl Al.c.  Peridiniales Woods Hole, USA Fr2
Alexandriume tamarense Pgt183 Al Peridiniales Woods Hole, USA F/2
Gonyaulax polyedra Gp70 G.p. Peridiniales Woods Hole, USA F/2
Pyrocystis lunula ME36 P.I Pyrocystales Helgoland, FRG Provasoli
Noctiluca scintillans - N.s. Noctilucales Banyuls-sur-Mer, France Local bloom
Crypthecodinium cohnii WHD Ce. Peridiniales Woods Hole, USA M.L.H.
Oxyrrhis marina — O.m, Oxyrrhinales Villefranche-sur-Mer, France F/2

* Order based on Sournia (1986)

b Medium references: Erdschreiber (Starr 1964); F/2 (Guillard and Ryther 1963); B.B.M. (Bischoff and Bold 1963); Provasoli (Provasoli

1963); M.L.H. (Tuttle and Loeblich 1975)
< Formerly Protogonyaulax

uating these models, we have determined and com-
pared, for 13 dinoflagellates, the nucleotide se-
quence of two rapidly evolving domains (D1 and
DS8) from 24S RNA. The secondary structure of the
domains was determined in order to improve se-
quence alignments. Combination of the two do-
mains significantly increased the number of infor-
mative nucleotides for phylogenetic analysis of
dinoflagellates, using distance matrix methods.

Material and Methods

Sources of Strains, Cultures, and RNA Purification. Taxonomic
position of the various dinoflagellate species (Sournia 1986) and
references for the growth media are indicated in Table 1.

Cells from 2-4-]1 cultures were harvested by centrifugation
and the pellet rinsed three times with fresh medium. The pellet
was resuspended in 5 vol of 7 M guanidinium isocyanate made
up in 5 mM sodium citrate (pH 7.0), 10 mM 2-mercaptocthanol,
and 0.5% Sarkosyl (Maniatis et al. 1982). Disruption of cells was
achieved by passing the suspension through a French press at
4000 psi. Insoluble residue was eliminated by centrifugation at
12,000 % g for 30 min. Total RNA was purified essentially as
described by Maniatis et al. (1982), by centrifugation through a
5.7 M CsCl cushion and subsequent phenol/chloroform extrac-
tion. Alternatively, when polysaccharides and polyphenols in-
terfered with RNA isolation, a selective precipitation method
was preferred. Broken cells were phenol extracted, nucleic acids
were ethanol precipitated, and RNA was separated by precipi-
tation in the presence of 2 M LiCl, (Ausubel et al. 1987).

RNA Sequencing. Sequences of the divergent domains (D1,
D2, and D8) were determined by reverse transcriptase-mediated
primer extension reaction on total rRNA using a modification
of the original methods of Qu et al. (1983) and Lane et al. (1985),
which we describe elsewhere (Mouches et al. 1990). Three 32P-
end-labeled primers complementary to the 248 rRNA sequence
of the dinoflagellate Prorocentrum micans (Lenaers et al. 1989)
corresponding to the coordinates 369-388 (D1), 714-733 (D2),
and 2151-2175 (D8), were used to prime the reactions.

Sequence Comparison and Phylogeny Inference. Sequences
were aligned on the basis of maximum nucleotide similarity. Best
alignment was achieved using secondary structure criteria. The
phylogenetic distance has been estimated by means of nucleotide
difference (Kimura 1968) and Knuc values (Kimura 1980). De-
letion of one nuclectide was counted as a transversion (Qu et al.
1988). Trees were inferred by the neighbor-joining method (Sai-
tou and Nei 1987; modified by Studier and Keppler 1988) com-
puterized for an IBM-PC, and by the Fitch-Margoliash program
of Felsenstein’s PHYLIP package (Fitch and Margoliash 1967;
Fitch 1981).

Results and Discussion

During the course of evolution, divergent domains
ofthe large rRNA molecules generally have not been
constrained by heavy selective pressure. However,
structural comparisons have shown that some of
these divergent domains appear conservative as far
as related taxa are concerned (Michot and Bachel-
leric 1987; Lenaers et al. 1988). They represent,
therefore, potential markers to evaluate phyloge-
netic relationships among closely related species.
We have determined the sequence of three divergent
domains (D1, D8, and part of D2) of LsuRNA from
13 species of free-living dinoflagellates representing
six main orders (Oxyrrhinales, Prorocentrales, Peri-
diniales, Pyrocystales, Noctilucales, and Gymno-
diniales) in order to provide additional criteria for
evaluating the phylogenetic relationships among
these organisms.

For 11 out of the 13 species, we were unable to
directly sequence the D2 domain due to the presence
of a hidden break located near its 3’ end, previously
documented for P. micans (Lenaers et al. 1989).
This break, denoted by arrowheads in the D2 align-
ment of Fig. 3, appeared at three defined locations



56

M.m. memm-oammmmmum
A T S e L —a -

C.e, —G—L——GC-AA-AC

C.0, U—-B—m=-G¥mB-A-Ur—mmmmmmm e C-C-A—

G e———C-A-A——

P.pu. —————m—m e G¥=AA-A-U}

=P

L]

C.r., C-A—GA-—G—G*-AA-AU- C. —C-A G A- uJ—-PC—U———-U—AALKJ*m AU
0.d. ——CA--UC-—*U-A-RAU: AC-A q—(x}-———w—G———GC—-G—A—U—-—GCU*GA—*—UU—
S.¢, =, -A—————G*UAG-AGLF C-A-A: —G—G—U——— ~——GC—C--A~~—U--RAUUUGA—UGG
T.8, =-——G-A-CA-—**-AA-AUV -C ~C——2- U -AG—C: Y B (U-A—U—PA-UGAA—UGA
P.pr. ——~G-A-——-AG*~RA-RIC —C C—h 2 G-—U—GF 2 —C-U——U—PA-UGUA——UGA
D.d, G————CC-UU-**UAA-AUU A C—-U —G— —G-C-=—U- -AG-UJUCA—C-UGG
C.f, ~——G-UG**-AGA-U -==C: C -AC——G——F G —G- -A-U-GIU—~*~———CCG
sP.m,  ——AG-AG-U-~G*UCA—CAA: A=A U AU U- A UC===U————RAUGGR---UGG
vG.p.  U-AG—AGCU--G*—A-U-A—Tr A—A -U—~GG—A U —A—U-——-RAUGER~—~-UGG
pO.m.,  =~UCGUUGA—GAUAGU-—AGU——{-—~=m—Cm=rmmmm e J-AG— A= ————~—GC~— UGG U———W———~A———ACU—OGU—A~G*UALIGGA~~CUGA~
22 244 368
M.m. ZACDGUGUGAGGCCC{;UA(‘; M.m. @mmmmmmmm*mmm
N.L. -—-G—-A—-C——C—-U* N.t. --UJ——L—G-U-—-—G—C GH——GA G
C.e. —G-=—=A=~AC-—C——C* C.e. U—A AlY-—-A: UC—-U—- Ur——Ca: G
C.o. —G—-UA—-C—C~—CU C.o. -G U A UU*———GhA- OG U
P.pu. —G——C—-AC—C-——C P.pu. B - G- A UGG CG— U
C.r. -—A——A—RU-—-U--GC c.r. —C U VOG—-U { A G GU*———GhA- G
0.d. --GU—AU—C-—C--UC o.d. A== U {1 A UG*-AUGE A=
S.c. —G-——-A—AU--C--GU S.c. -A——U U-U---U — A YU*——GA G A
T.t. —G—AC-AC———- T.t. U—-—-A—b U—-U-—RAA U-U A TR*CA-GG C U
P.pr. --G---ARA~—C--C—-U P.pr. U-~~AU—A-A U-U— A -UUAUAUGG—A: CA U
D.d. ——A———RU-AC—U--UC D.d. -——-A-—AA—-UC—APHJ—-UJ—(XE—U*——A——-GA U——oC - 00-G—U0—CA————
C.f. ——A——U—-C—aJ-G C.f. —2a-CAc—(U————UEC—U—CA—-UUGU-UG——A-T -AG-UAGGA: OG- G-
> P.m.  ——G--——A—-U—C—WU oP.m.  ————iC—C--C—A-U—G——GIC—UU U-Ur C-A U= Ch
> G.p, —G—=AC--U--U--UU >G.p -AC—C—U—G——GC— U V————-U-CCCA—— A U--AG—— C—CA————
>0.m —0G-—-AC--U—CA-GC »0.m.  =Um=*AU~CACU=—~UA~G~~GU—-RAUCOCUUR~—————UC-Al=-C~— —U=—UC—C-U*—A-CU—UG-A—Co——————

Fig. 1. Sequence alignment of the conservative domains (235
nt) from the 5’ end of the nuclear-encoded LsuRNA., The align-
ment was taken from Perasso et al. (1989) and completed with
the corresponding sequences from the ciliate Tetrahymena ther-
mophila (T.t.) (Engberg et al. 1990) and the dinoflagellates Pro-
rocentrum micans (P.m.), Gonyaulax polyedra (G.p.), and Ox-

yrrhis marina (O.m.) (this work). Numbers refer to the listed and Crithidia fasciculata (C.f.).
sequence of Mus musculus (M.m.). Identical nucleotides are in-

depending on species (see below). Only two species

(Crypthecodinium cohnii and Gonyaulax polyedra)  naers et al. 1988).

did not contain the hidden break. Various organ-
isms display a cut LsuRNA molecule, which in some
cases is associated with a processing event leading
to the elimination of several nucleotides. It has been
mapped, for instance, to the D7a region in Dro-
sophila melanogaster (de Lanversin and Jacq 1983,
1989) and Tetrahymena thermophila (Engberg et al.
1990), or to the D7b and D7¢ in trypanosomids
(Campbell et al. 1987; Spencer et al. 1987). In all
these cases, like in dinoflagellates, hidden breaks are
located in unpaired sequences of divergent domains.

Monophyletic Origin of Dinoflagellates

In a previous work (Lenaers et al. 1989) based on
available sequences of the LsuRNA conservative
core (1900 nt), we examined the phylogenetic re-
lationships among protists (including one dinofla-
gellate) and higher eukaryotes. The dinoflagellate P.
micans clustered with the ciliate 7. thermophila and
yeast Saccharomyces cerevisiae when the alignment
was analyzed by distance methods. The tree topol-
ogy inferred with parsimony slightly differed, with
S. cerevisiae emerging from the main branch leading
to higher eukaryotes rather than clustering with 7.
thermophila and P. micans. Close relationships
among the three species had also been suggested by
comparison of partial sequences from the 5' end of
the molecule (Baroin et al. 1988) and of several

dicated by dashes, and deletions or alignment gaps are repre-
sented by stars. Other abbreviations are for: Nicotiana tabacum
(N.t.), Chlorogonium elongatum (C.e.), Cryptomonas ovata (C.0.),
Porphyridium purpureum (P.pu.), Saccharomyces cerevisiae (S.c.),
Crycosphaera roscoffensis (C.r.), Ochromonas danica (0.d.), Par-
amecium primaurelia (P.pr.), Dictyostelium discoideum (D.d.),

divergent domains alignable among protists (Le-

The aim of the present work was to analyze rel-
ative positions among dinoflagellates. It was im-
portant to first confirm that dinoflagellates behave
as a monophyletic group, by comparing partial se-
quences from several species with the corresponding
regions from a variety of eukaryotes. We have used
the sequence alignment of the 5’ end of LsuRNA
recently published by Perasso et al. (1989) in their
analysis of the origin of algae. We have selected 10
species representative of metaphytes, algae, fungi,
and protists and added three distant dinoflagellates
(see below) that were sequenced up to the 5' end:
Oxyrrhis marina (Oxyrrhinales), G. polyedra (Peri-
diniales), and P. micans (Prorocentrales). We also
added the ciliate T. thermophila for which the com-
plete LsuRNA sequence has recently been published
(Engberg et al. 1990). The alignment shown in Fig.
1 only comprises the conservative domains (235 nt)
that have been used by Perasso et al. (1989) to re-
construct a phylogeny of the algae. A distance and
Knuc values matrix (Fig. 2A) was derived from this
alignment and analyzed by the neighbor-joining
method of Saitou and Nei (1987). The reconstructed
phylogenetic tree (Fig. 2B), which has a topology
similar to that initially proposed and discussed by
Perasso et al. (1989), clearly shows that the three
dinoflagellates, representing distant orders as dem-
onstrated below, share a direct common ancestor.
However, the present analysis limited to partial se-
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Neighbor-Joining (LsuRNA $§'-end, 235 nt, conservative)

quences does not confirm the clustering of ciliates
and dinoflagellates evidenced by the analysis of the
whole conservative core (Lenaers et al. 1989), al-
though the two groups remain related. We believe
that the clustering of the two groups is more signif-
icant statistically than the present topology, because
it has been inferred from larger sequences.

This preliminary analysis thus confirms that di-
noflagellates represent a monophyletic group which
emerged close to the cilidtes. In the following anal-
ysis of dinoflagellate phylogeny we have investigated
the sequence of several divergent domains (D1, D2,
and DB8) in order to increase the number of infor-
mative sites, and used 7. thermophila as an out-
group sequence.

Primary and Secondary Structure of
Dinoflagellate, D1 and D8 Divergent Domains

Nucleotide sequences of D1 and D8 of the various
species were aligned along with conservative flank-
ing regions (Fig. 3). Rapidly evolving sequences
(overlined in Fig. 3) represent about 200 nt, whereas
conservative flanking regions investigated here
amount to an additional 200 nt. Both D1 and D8
domains display comparable nucleotide length
among dinoflagellates and ciliates, thus allowing
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proper alignments based on maximum sequence ho-
mology and secondary structure criteria (helices are
denoted by arrows). It is clear from the alignment
that two dinoflagellates (0. marina and C. cohnii)
display high levels of nucleotide differences. Oxyr-
rhis marina, for instance, displays the most diver-
gent D1 and D8 sequences when compared to P.
micans, with only 54% and 46% nucleotide simi-
larity, respectively.

The secondary structure of the two domains was
inferred for the various species in order to improve
sequence alignment. The synoptic representation of
secondary structure conservation and sequence
variation shown in Fig, 4 clearly indicates that D1
and D8 domains have retained a highly comparable
secondary structure among dinoflagellates. The rap-
idly evolving portion of stem Dla (boxed area in
Figs. 3 and 4A) displays saturating nucleotide
changes and deletions among dinoflagellates and
therefore was not considered for phylogenetic in-
ference. Figure 4 also presents the nucleotide vari-
ations among investigated species. In divergent do-
main D1 (as defined in Hassouna et al. 1984; and
Fig. 4A), 17 nt positions are conserved (denoted by
capital A, C, G, or U) among all the 13 species, and
an additional 6 (a, ¢, g, u) if the most divergent
sequence from O. marina is not taken into account.
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Likewise, in the D8 domain (Fig. 4B), 12 positions
are invariant among all the species, plus an addi-
tional 9 nt if the O. marina sequence is not consid-
ered. In the D1 and the D8 variable domains, 36
and 27 positions, respectively, have a conserved
purine or pyrimidine state (R, Y), plus an additional
14 and 6 positions (r, y) if the O. marina sequence
is omitted. Finally, highly variable positions (de-
noted by dots) represent as much as 51% and 58%
of D1 and D8 sequences, respectively.

At this level of analysis, the data suggest that
these rapidly evolving domains may be too diver-
gent to derive an accurate phylogeny of the highly
diversified dinoflagellates. However, when the two
most divergent sequences are removed (0. marina
and C. cohnii), variable positions then represent 46%
and 47% of D1 and D8 sequences, respectively, pro-
viding potential information for evaluating distanc-
es among closely related species.

Dinoflagellate Phylogeny

Detailed phylogeny of the dinoflagellates was in-
ferred by a two-step analysis of the combined D1
and D8 sequences. A first set of aligned sequences
was used to infer a broad phylogeny including all
13 investigated species and T thermophila, the out-
group sequence. The portion of the molecule that
was compared (199 nt in combined length, not over-
lined in Fig. 3) included conservative domains
known to evolve at a relatively constant rate (Leffers
etal. 1987; Gutell and Fox 1988), flanking the more
rapidly evolving regions. A distance and Knuc val-
ues matrix (Fig. 5A) was derived from this align-
ment and analyzed by the neighbor-joining method,
leading to the tree shown in Fig. 5B. Similar tree
topology was obtained when the Knuc values were
analyzed using the Fitch and Margoliash program
of Felsenstein’s PHYLIP package. According to this

—

Fig. 3. Sequence alignment of the D1 and D8 divergent do-
mains and positioning of the hidden break in D2. The sequence
of Prorocentrum micans is listed. The corresponding sequence
from the ciliate Tetrahymena thermophila (Engberg et al. 1990)
was used as an outgroup sequence. Identical nucleotides are in-
dicated by dashes, and deletions or alignment gaps are repre-
sented by stars. The nucleotide positions that could not be iden-
tified are denoted by X. The upper arrows indicate the sequences
involved in double helical structures. The boxed area near the 5
end of D1 corresponding to the distal part of stem Dtla where
nucleotide changes reach saturating levels, as well as ambiguous
positions (denoted by upper arrowheads) have been removed
from subsequent analysis. The conservative regions (199 nt in
combined length) have not been overlined, whereas the rapidly
evolving sequences (202 nt) have been overlined. Position of the
hidden break in the D2 domain, which appears to be group
specific, is indicated by arrowheads; Oxyrrhinales-like (Ox),
Gymnodiniales-like (Gy), and Peridiniales-like (Pe). Species ab-
breviations are indicated in Table 1.
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Fig. 4. A synoptic representation of sequence variations and
secondary structure conservation of 245 rRNA divergent do-
mains (A) D1 and (B) D8 from the various dinoflagellates listed
in Table 1. Highly variable nucleotide positions are represented
by dots, whereas the invariant nucleotides are indicated by their
uppercase initial (A, C, G, U). Positions in which conservative
purines (R) or pyrimidines (Y) are evident have also been marked.
Corresponding lowercase letters indicate conservative positions
when the most divergent species, Oxyrrhis marina, is removed
from the analysis. The boxed area corresponding to the distal
part of stem Dla is highly divergent and partially deleted in
Pyrocystis lunula (cf. Fig. 3).
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A P.m. C.n. H.p. A.c. Gsp. W.c. Al.L. Af.c. Gp. P.I. N.s. Cec. Om. Ti
p.m. a 7 9 10 10 25 39 39 25 34 42 B2 75 52
c.n. 038 0 4 3 Q 22 35 35 25 28 3B 48 76 S
H.p .047 020 O 1 7 22 34 34 25 29 38 48 73 51
A.c. .052 .026 .005 O 8 24 35 35 26 30 39 49 80 52
G.5p. 053 .047 036 042 0 23 34 34 24 29 40 48 76 53
W.c. 141 123 129 135 128 @ 41 38 36 38 43 50 77 5S¢
ALt 237 .210 .204 .210 .202 .251 0 10 45 34 53 59 81 63
Al.e. .236 .208 .202 .208 .200 .227 .053 0 45 31 53 56 81 65
G.p. 141 141 141 147 .134 214 281 .279 O 44 47 55 81 66
P 200 .161 167 .174 166 228 .203 .181 .274 © 51 56 73 58
N.s. .260 .232 233 .239 .244 .268 .350 347 .297 330 0 56 76 59
C.c. 234 .303 .304 311 .300 .315 333 .363 .356 .367 .367 O 80 76
Oo.m. .543 .556 .591 .602 .554 ,563 .606 .606 .613 .582 .550 .604 O B4
Tt .39 .331 .333 341 ,345 400 .437 459 .475 .391 .395 .578 640 O

—— 5 mutations

B

Cachonina niei (Peridiniales incertae sedis)

Heterocapsa pygmea {Peridiniales  incertae sedis)

Amphidinium carterae (Gymnodiniales)
Prorocentrum micans (Prorocentrales)
Gymnodinlum  sp. (Gymnadiniales)
Gonyaulax polyedra {Peridiniales)

Woaloszynskia corpnata {Gymnediniales)

Alexandrium catenella {Periginiales)
Alexandrium tamarense (Peridiniales)
Pyrocystis lunula (Pyrocystales)

Noctiluca scintillans {Noctilucales)

Crypthecodinium cohnii (Peridiniales)
Oxyrrhis marina (Oxyrrhinales)
Tetrahymena thermophila {Ciliates)

Neighbor-Joining

{199 nt, canservative)

Fig. 5. Dinoflagellate phylogeny based on conservative sc-
quence comparison. A Evolutionary distance matrix deduced
from the 199-nt alignment corresponding to the conservative
regions not overlined in Fig. 3. Nucleotide distances between
each pair of organisms are above the diagonal; Knuc values are
below. Abbreviations are as in Table 1. B Phylogenetic tree based
on the distance matrix, using the neighbor-joining method de-
veloped by Saitou and Nei (1987). The tree was rooted using
Tetrahymena thermophila as the outgroup sequence. Similar tree
topology was obtained using Knuc values.

broad dinoflagellate phylogeny rooted with T. ther-
mophila, O. marina emerged first, followed by C.
cohnii and Noctiluca scintillans, all three being non-
photosynthetic species. The main branch then di-
vided into two photosynthetic clusters, one includ-
ing mainly Peridiniales, the second, more
taxonomically heterogeneous, mainly comprising
members of the orders Gymnodiniales and Proro-
centrales as well as two species assigned to as Peri-
diniales incertae sedis (Sournia 1986).

To confirm the tree topology and achieve better
resolution of the branching pattern among closely
related species, an extended sequence alignment (414
nt) was considered, which included rapidly evolving
sequences from D1 and D8 in addition to the more
conservative stretches used initially, This analysis
utilized the complete D1 and D8 sequence align-
ment shown in Fig. 3, with the exception of ambig-
uous nucleotides and a 20-nt stretch within DI,
which was ignored because mutations and align-
ment gaps reached saturating levels (boxed area in
Fig. 3 and Fig. 4A). Nucleotide distances and Knuc
values calculated for each pair of organisms (Fig.
6A) confirm that for the most divergent species (O.

A P.m. Cn. Hp. Ac. Gsp W ALL Ale. Gp. P.). Nas. Cc. Om Tt

P.m. q 28 3% 37 40 61 96 97 62 97 113

—— § mutations
Cachonina niel
B Heterocapsa pygmea
Amphidinfum carterge

Y fl sp.

Prorecentrum micans

Gonyaulax polyedra

Woloszynskia coronata

o Alexandrium catenelia

l—— Alexandrium tamarense

Pyrocystis ilunula

Noettluca scintitians

Nelghbor-Jolning (401 nt, conservative + divergent)

Fig. 6. Dinoflagellate partial phylogeny based on both conser-
vative and more rapidly evolving sequences from the DI and
D8 regions. A Evolutionary distance matrix deduced from the
401-nt alignment of Fig. 3 including both conservative and di-
vergent regions of D1 and D8. Highly divergent distal part of
stem Dla and ambiguous positions denoted in Fig. 3 were not
considered. Nucleotide distances between each pair of organisms
are above the diagonal; Knuc values are below. The cleven closely
related species have been used for subsequent phylogenetic anal-
ysis. The other species, which display Knuc values higher than
0.5 (boxed), have been omitted. Abbreviations as in Table 1. B
Phylogenetic tree deduced from sequences of the 11 more closely
related species, inferred with the neighbor-joining method. The
tree was rooted with Noctiluca scintillans, according to the overall
tree presented in Fig. 5B. Similar tree topology was obtained
using Knuc values.

marina, C. cohnii, and the outgroup T. thermophila)
nucleotide changes reached saturating levels. For
these species, calculated Knuc values were close to
or higher than 0.6, indicative of random sequences
not suitable for phylogenetic interpretations (Eck-
enrode et al. 1985).

When the analysis was limited to the 11 more
closely related dinoflagellate species (Knuc values
lower than 0.55) as depicted in the matrix of Fig.
6A, the topology of the tree inferred using the neigh-
bor-joining method (Fig. 6B) or the Felsenstein’s
PHYLIP package, appeared identical to that based
on conservative sequence comparisons (cf. Fig. 5B)
and was rooted accordingly. In addition to the con-
firmation of the tree topology, the use of more rap-
idly evolving domains has significantly improved
the resolution of most of the branchings, that is, the
distance between nodes.

The position of the hidden break in D2 (cf. Fig.
3) also provided indirect confirmation of the tree
topology. Its nonrandom location for the various



dinoflagellates appeared to be group specific. In O.
marina which first emerged, the break is located at
nucleotide coordinate 694. On the other hand, later
emerging Peridiniales and N. scintillans are char-
acterized by a D2 break at position 684. However,
two members of the Peridiniales (C. cohnii and G.
polyedra) contain an intact 24S rRNA not inter-
rupted by any break. Finally, all members of the
polyphyletic cluster comprising Gymnodiniales,
Prorocentrales, and Peridiniales incertae sedis dis-
play a hidden break at position 689, consistent with
their grouping near the top of the phylogenetic tree.

Phylogenetic and Taxonomic Implications

Special comments are needed with respect to the
branching of Woloszynskia coronata and the two
species assigned to as Peridiniales incertae sedis.
The gymnodiniale W. coronata, the only freshwater
species investigated here, shows several morpho-
logical features (thin hexagonal thecal plates, for in-
stance) rather characteristic of the Peridiniales. This
led Sournia (1986) to suggest that the family Wo-
loszinskiaceae is intermediate between the Peridini-
ales and Gymnodiniales and thus could be assigned
to either of the two orders. This statement is sup-
ported by the molecular phylogeny described here
where the emergence of W. coronata is intermediate
between the Peridiniales and Gymnodiniales, How-
ever, the position of the D2 hidden break is con-
sistent with that of the Peridiniales. Reexamination
of the taxonomic position of this family may there-
fore be justified.

The second comment concerns the branching of
Heterocapsa pygmea and Cachonina niei among the
Gymnodiniales. Again, the taxonomic position of
these two species remains controversial (Morrill and
Loeblich 1981; Sournia 1984). According to Sournia
(1986), they cannot be assigned to any of the 13
families of the order Peridiniales and meanwhile
should be noted as incertae sedis. From the phy-
logenetic trees (Figs. 5B and 6B), these two species
appear more closely related to Gymnodiniales than
to Peridiniales. Again, molecular data may help re-
fine the taxonomy of these species.

Finally, important phylogenetic implications arise
from the early emergence of O. marina, a species,
which on account of several ultrastructural features,
had already been suggested as perhaps representa-
tive of the ancestral dinoflagellate (Loeblich 1984).
The primitive status of O. marina (which displays
a deformable cell covering without apparent tabu-
lation), the later emergence of most Peridiniales
(covered with multiple thecal plates), and the recent
appearance of the Prorocentrales (two single plates),
Gymnodiniales (mostly unarmored), and Peridini-
ales incertae sedis (covered with many plates) sug-
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gest that the number of plates may not represent a
valuable marker for dinoflagellate evolution. For-
mer models mainly based on either increase, de-
crease, or fragmentation of the thecal plates (re-
viewed in Bujack and Williams 1981; and Goodman
1987) should be reexamined in light of these recent
molecular sequence comparisons.

Conclusion

As demonstrated here for the highly diversified and
taxonomically controversial class of dinoflagellates,
two divergent domains (D1 and D8) of the LsuRNA
can be used in combination to infer reliable phy-
logenetic relationships among closely related spe-
cies. With the direct RNA sequencing method ex-
tending selected primers, rapidly evolving sequences
can be easily determined along with the more con-
servative flanking stretches. The latter is most useful
in delineating overall phylogenetic patterns. Sub-
sequent combination of conservative and divergent
regions allows precise evaluation of the distance be-
tween closely related taxa.

This first attempt to analyze dinoflagellate phy-
logeny using rRNA sequence data yielded a coherent
and convincing evolutionary pattern. Good evi-
dence now exists that selected domains of the
LsuRNA molecule provide quantitative taxonomic
markers, which we hope will be used to describe
precise relationships among dinoflagellates and oth-
erdiversified divisions, in combination with reliable
morphological, biological, and paleontological char-
acter states.
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