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ABSTRACT We present the complete sequence of the
nuclear-encoded small-ribosomal-subunit RNA inferred from
the cloned gene sequence of the dinoflagellate Prorocentrum
micans. The dinoflagellate 17S rRNA sequence of 1798 nucle-
otides is contained in a family of 200 tandemly repeated genes
per haploid genome. A tentative model of the secondary
structure of P. micans 17S rRNA is presented. This sequence
is compared with the small-ribosomal-subunit rRNA of
Xenopus laevis (Animalia), Saccharomyces cerevisiae (Fungi),
Zea mays (Planta), Dictyostelium discoideum (Protoctista), and
Halobacterium volcanii (Monera). Although the secondary
structure of the dinoflagellate 17S rRNA presents most of the
eukaryotic characteristics, it contains sufficient archaeobac-
terial-like structural features to reinforce the view that dino-
flagellates branch off very early from the eukaryotic lineage.

In the five-kingdom system for classification of organisms (1)
the kingdom Monera contains all the prokaryotes (including
the archaeobacteria). The remaining four kingdoms (Proto-
ctista, Fungi, Animalia, and Planta) are all eukaryotic. The
dinoflagellates (dinomastigota) are thought by some to be the
oldest extant eukaryotes. Their fossil cysts have been dated
to the Precambrian period (2). The dinoflagellates are a group
of diverse eukaryotic protists, generally classified with the
eukaryotic algae (3) and possessing a number of peculiar
traits ofnuclear organization (4) suggestive ofthe prokaryotic
state. Among this unusual primitive pattern of nuclear orga-
nization, the most striking feature is the now well-docu-
mented absence of histones and nucleosomal structures.
Dinoflagellate chromatin fibrils, which appear as smooth
filaments in electron microscopy, are associated with a low
amount of one or two major basic proteins whose amino acid
composition is different from known prokaryotic basic pro-
teins or eukaryotic histones (5-7). Nuclease digestion of
purified nuclei lends to a smear with no recognizable discrete
DNA fragments (8, 9). Permanently condensed chromo-
somes are stabilized by divalent cations and RNA (10, 11). In
eukaryotes histones and especially the histone H1, which is
thought to be primarily responsible for organizing higher-
order structure of nucleosomes, are involved in gene repres-
sion (12). Thus, the problem of gene regulation in such
organisms is still unsolved, with a prokaryotic-like chromatin
organization and some of the following eukaryotic nuclear
traits: (i) The portion of repeated sequences (around 60%) is
typical for eukaryotes (13). (ii) The rRNA is synthesized as
a precursor of 38S, and a 5.8S rRNA has been reported to be
released from the 27S precursor to give rise to the final 24S
RNA (14). (iii) The 5S rRNA sequence shows greater
homology with that of higher eukaryotes than that of
eubacteria (15), but additional molecular data (16) indicate
that it contains some conserved residues specific for lower

eukaryotes (unpublished data) and that the general structure
of the 5S rRNA from sulfolobale and thermoplasmale
archaeobacteria is also closer to that of eukaryotes than that
of eubacteria (17). (iv) Poly(ADP-ribose) polymerase activity
is detectable (18). (v) The small nuclear RNAs U1-U5 have
been isolated (19). The U5 dinoflagellate sequence shows
strong homology (63%) with that of vertebrates (20), but
appears to be more homologous to that of Tetrahymena (70%)
(ref. 21, and unpublished data). Thus these molecular data, in
addition to the interpretation of Zillig et al. (17) on the
archaeobacterial origin of the eukaryotic cytoplasm, renew
the interest of whether the absence of nucleosomes in
dinoflagellates is a secondary loss (15).
We decided to use rRNA as an evolutionary marker of

dinoflagellate evolution. rRNA occurs in every living orga-
nism, and its functions have remained constant throughout
evolution. The large- and the small-ribosomal-subunit rRNA
retain the core structure common to prokaryotic rRNA,
although their size increases substantially (22). Since these
sequences are very highly conserved during evolution, they
contain information on phylogenetic relationships during the
early evolution of the eukaryotic kingdoms (23).
We have isolated clones from a genomic library of Proro-

centrum micans containing the rRNA gene. We present here
the complete sequence of the P. micans 17S rRNA inferred
from the gene sequence. We propose a potential secondary
structure for this molecule and compare it with other pub-
lished small ribosomal subunit rRNA sequences.

MATERIALS AND METHODS
Strain. P. micans Erhenberg was provided by the Cam-

bridge algae collection strain LB 113614.
Growth of Organisms and Isolation of Nucleic Acids. The

organisms were grown under standard conditions, and their
nuclei were isolated from cultures in logarithmic phase as
described (9). They were sequentially digested by RNase A
and proteinase K, and after phenol extraction, the DNA was
further purified by two steps of CsCl gradient centrifugation.
Total RNA was extracted from cells homogenized in the
presence of 4 M guanidinium isothiocyanate, by pelleting
through a 5.7 M CsCl cushion as described (24).

Cloning and DNA Sequencing. A genomic DNA library of
P. micans has been constructed by cloning of 10- to 20-
kilobase nuclear DNA fragments, digested by Mbo I, into
purified arms of phage XEMBL4 (25) that had been digested
with BamHI. Plaques containing P. micans DNA were
detected by hybridization with a flax ribosomal probe
(pBG35) (26) and purified through three cycles of plating.
Other cloning methods were used as described in ref. 27.

Abbreviation: nt, nucleotide.
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DNA sequences were determined by the dideoxy chain-
termination method (28) after subcloning into M13 vectors.

Sequence Alignments and Tree Construction. The P. micans
sequence was aligned according to Nelles et al. (29), based on
obvious sequence homologies and refined by use of second-
ary structure features. The calculation of sequence homolo-
gies and the inference of the tree most consistent with the
data were performed as described (30).

RESULTS AND DISCUSSION

Primary Sequence of the 17S rRNA ofP. micans. The rRNA
genes from P. micans were isolated from a genomic XEMBL4
library. Ten positive clones were initially detected, and three
representative clones were chosen for detailed studies (Fig.
1). Genomic hybridizations (data not shown) using either the
flax probe or the end-labeled P. micans rRNA allowed the
construction of the restriction map (Fig. lA) with the position
of the different rRNAs. R-loop experiments (data not shown)
confirm the organization found by restriction mapping: the
17S, 5.8S, and 24S rRNA genes are encoded in this order, in
a 6-kilobase tandemly repeated unit, probably chromosomal
(14), separated by a nontranscribed spacer of variable length
(4-8 kilobases). The number of ribosomal gene copies has
been estimated by Southern blot hybridization as being at
least 200 copies per haploid genome. Thus, ribosomal genes
of dinoflagellate protists are organized in a way typical of
other eukaryotes.
The XPr1O insert was subcloned into an M13 vector (31),

and we sequenced the 17S rRNA gene. The analysis strategy
is presented in Fig. 1B. The rRNA sequence inferred from the
DNA sequence is presented in Fig. 2. The exact localization
of the 5' and 3' ends has been determined by comparison with
other sequences and by Si-nuclease mapping (data not
shown), confirming that this clone probably does not encode
a pseudogene. The 17S rRNA sequence is 1798 nucleotides
(nt) long, which is longer than that of Tetrahymena
thermophila (1753 nt) and close to that of Saccharomyces
cerevisiae (1789 nt), but shorter than the sequence of
Dictyostelium discoideum (1873 nt) and of Xenopus laevis
(1825 nt) (Table 1). The G+C content ofP. micans 17S rRNA
(46%) also lies between that of T. thermophila, of D.
discoideum (43%), and of vertebrates, plants (>50%), and
close to that of yeast (45%). This value is very similar to that
found earlier for another dinoflagellate, Crypthecodinium

cohnii (14). Thus, assuming an increase in length and in the
G+C content of small ribosomal subunit rRNA during
evolution as for large ribosomal subunit rRNA (35), the most
primitive would be the ciliates. D. discoideum is difficult to
position with the lowest G+C content and the longest
sequence. P. micans would be close to the fungi. However,
comparisons of several small ribosomal subunit rRNA se-
quences reveal that "universal" sequences are interspersed
among semiconserved and nonconserved sequences. The
variable regions display much higher rates ofgenetic drift and
different G+C content than the rest of the molecule (36).
Model of Secondary Structure of P. micans 17S rRNA.

Models have been derived for small-ribosomal-subunit rRNA
mainly on the basis of phylogenetic-sequence comparisons,
where evidence for the presence of a double helix provided
by base pairing in one organism is replaced by alternative
base pairing in another (compensating base changes). The
different models for eubacteria (22, 37, 38) show a large
degree of agreement. Models have also been proposed for
eukaryotic small-ribosomal-subunit rRNA (22, 29, 39, 40)
that show extensive structural homology with the bacterial
models. None of these models is completely analogous to the
prokaryotic one, and the experimental evidence presently
available in support ofthe eukaryote structure is very limited.
The model shown in Fig. 2 for P. micans 17S rRNA comes
closest to the model proposed forD. discoideum (40). Several
of the following structural features, which distinguish the
dinoflagellate, have been identified and are shown in Fig. 3.

(i) Helix 8. This helix, close to a variable region, has been
shown to be more stable in archaeobacteria than in most
eubacteria and eukaryotes (41). It is clear in Fig. 3A that the
organization of the P. micans helix is closer to that of
archaeobacteria. There are the same bulges and unpaired
nucleotides, except one more G-G unpairing. The ciliate
organization (32, 36) of this region is identical to that of P.
micans except for one compensatory change, consistent with
the existence of this helix that is not present in all models. All
other eukaryotic sequences have shorter stems as in Dicty-
ostelium, and/or bigger bulges as in Saccharomyces.

(ii) Helix E9. The helix E9-1 is not supported by any
compensatory change. The helix 9 of Nelles et al. (29) cannot
exist in the dinoflagellate sequence.

(iii) Helix 11. The central region of this helix is also more
stable in archaeobacteria than in eubacteria (41). For the
dinoflagellate sequence, the first internal bulge is two nucle-
otides longer than that ofHalobacterium (42), and the second
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FIG. 2. Sequence and potential secondary structure of the P. micans 17S rRNA inferred from the gene sequence. The secondary structure
map of the 17S rRNA is based, with minor modifications, on the proposed universal secondary structure map of Woese et al. (22). We have
used the helix numbering system proposed by Nelles et al. (29). Nucleotide positions are numbered in intervals of 100 nucleotides, and 5' and
3' ends are indicated. Boxed areas represent the variable regions of the small subunit ribosomal RNAs, which were not taken into account for
calculation of Table 2. (Insert) Possible alternative conformation of the central area, between helices 1, 2, 19, 21, and 22 is shown.

one is identical in length. In all other eukaryotes, helix 11 is
6 nt longer. The terminal loop of P. micans has 5 out of 7 nt
in common with Halobacterium volcanii (42) (Fig. 3B).

(iv) Helices 16 and 17. These helices are surrounded by
helices 2 and 3, which may be involved in intramolecular
switching in the rRNA with helices 28-30 (43). The secondary
structure of this region is not clearly defined in eukaryotes,
but it is probably organized in a different way than in

prokaryotes (usually helix 17 is not stable) (22). In the case
of P. micans, as shown in Fig. 2, helix 17 is formed with six
canonical base pairings, two G*U, and two G*A (which may
exist in rRNA) (22). As discussed (22), the eukaryotic
counterpart does not occupy a strictly homologous portion of
the sequence and may be idiosyncratic rather than homolo-
gous. In the case of dinoflagellates, Fig. 3C shows that helix
17 seems to be more homologous to that of archaeobacteria.
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Table 1. Nucleotide compositions and lengths of various
small-ribosomal-subunit rRNAs

Nucleotides, no. Length, G+C

Species A U G C nt content, %
R.r. 421 408 543 497 1869 56
X.I. 432 411 516 466 1825 54
Z.m. 447 439 500 419 1805 51
S.c. 475 509 458 347 1789 45
P.m. 474 496 469 359 1798 46
T.t. 518 485 433 317 1753 43
D.d. 531 546 448 348 1873 43

The data for T. thermophila (T.t.) are from ref. 32, for D.
discoideum (D.d.) from ref. 33, and for Rattus ratus (R.r.), X. laevis
(X.I.), Zea mays (Z.m.), and S. cerevisiae (S.c.) from ref. 34.

All other eukaryotes are of the yeast type. Helix 16 of P.
micans is very similar to that of H. volcanii (42): both loops
present a UAU sequence.

(v) Helix E19. This eukaryotic region is highly variable,
while the E19 secondary structure of P. micans is hypothet-
ical, but it does show some similarities with that proposed by
Atmadja et al. (44), for X. laevis.

(vi) Central region. This region can be folded into two
alternative structures, P18-1 and P18-2 for prokaryotes (Fig.
2) and E18-1, E21-1, and E21-2 for eukaryotes (Fig. 2 Insert).
It may confer a fundamental difference in the folding pattern
to prokaryotic and eukaryotic small-ribosomal-subunit
rRNA (for discussion see ref. 29). In the case of P. micans,
the two topologies are possible (as for ciliates, data not
shown). But the prokaryotic-like bulged helix of Dictyostel-
ium (33) and Artemia (29) cannot be constructed. This may
indicate a more distant position for these two species from
prokaryotes.

(vii) Helix 28. This helix is quite similar in archaeobacteria
and eukaryotes, but not in eubacteria (22). The sequence of
the loop is GAU in archaeobacteria (41, 42, 45) and in P.
micans (Fig. 3D). But all other protoctists have different
sequences (GAG for yeast and ciliates, AAA for slime mold),
which means that the function of this part of the molecule is
more conserved between dinoflagellates and archaeobac-
teria.

(viii) Helix 31. This helix is conserved in both prokaryotes
and eukaryotes. The loop sequence is GUGA in prokaryotes
(22, 41, 42, 45), dinoflagellates, yeast (Fig. 3E), and ciliates
(data not shown), but in slime mold and higher eukaryotes it
is GCGA. This difference is presumably due to a mutation
that appeared after the divergence of dinoflagellates, yeasts,
and ciliates from the eukaryotic lineage.

(ix) Helix 39. This helix is 2 nt longer for P. micans than
Dictyostelium, but shorter than that of any other eukaryote

Table 2. Percent homologies and evolutionary distances

X.l. S.c. Z.m. D.d. P.m. H.v.

X.I. 0/100% 218 207 318 242 601
S.c. 84.5% 0/100% 176 291 180 579
Z.m. 85.2% 87.4% 0/100% 274 156 592
D.d. 77.3% 79.2% 80.4% 0/100% 277 600
P.m. 82.7% 87.2% 88.8% 80.2% 0/100% 561
H.v. 57% 58.7% 57.7% 57.2% 60% 0/100%t

Percentage homologies are below the diagonal and evolutionary
distances are above the diagonal between various small-ribosomal-
subunit rRNAs. Evolutionary distances are calculated by means of
nucleotide differences. All percentages were calculated by taking the
total number of similarities between two sequences (using the
alignment of ref. 29) and dividing by 1410, the total number of
positions that we used. Gaps and insertions were counted as a single
mismatch. We have deleted the variable regions (boxed in Fig. 2) We
introduced some minor modifications to the alignment of ref. 29, as
shown in Fig. 3. Abbreviations are as in Table 1 and H.v., H.
volcanii.

and longer than that of any prokaryote. The 3' end of the 17S
rRNA from P. micans resembles that of other eukaryotes, as
it does not present the prokaryotic Shine-Dalgarno se-
quence, but contains the region homologous to the 5' end of
mRNA (46). This region, in Escherichia coli, has been shown
to be involved in a possible alternative conformation with
helix 25 (47), which is also possible in P. micans.

Sequence Comparison Among Small-Ribosomal-Subunit
rRNA Sequences. We added the P. micans sequence shown
in Fig. 2 to those aligned by Nelles et al. (29). This sequence
comparison included one archaeobacterium, H. volcanii
(Monera) (42); one Acrasiomycota, D. discoideum (Protoc-
tista) (33); one Ascomycota, S. cerevisiae (Fungi) (48); one
Angiospermophyta, Z. mays (Plantae) (49); one Chordata, X.
laevis (Animalia) (44); and P. micans (this work). This
alignment (not shown) reveals extensive homologies between
the dinoflagellate sequence and other eukaryotic sequences,
and some strong homologies with the archaeobacterial se-
quence. It is now well known that some regions of small-
ribosomal-subunit rRNA are highly variable and are valuable
only for resolving close phylogenetic relationships (33).
Thus, we have calculated a different matrix for these six
sequences (Table 2), excluding their variable regions (boxed
in Fig. 2), corresponding to 1410 nt; gaps or insertions were
counted as a single mismatch (whatever the length). The few
modifications that we introduced to the alignment of ref. 29
are those presented in Fig. 3. Maximum homology is obtained
between P. micans and Z. mays (88%) and the minimum
between X. laevis and D. discoideum (77%). With the
archaeobacterial sequence, all five eukaryotes share between
57% (Xenopus) and 60% (Prorocentrum) homology. It may be

8 8' 11_11
A ..v. AA . -AL VCCUCG AAA UGAGG CU .UUC B H.v. GCCGAUUAGGU --AG ACGGUGG UAACGG CCACCGUGC UAAUCGGCA

P.m. EAU U4ALAA. tJG UMU UP#G U I AUG P.m. ACCL~UCAGCUJCCG 4CGGUAG UAUUGG CCUACCGUGG Ca GaOGGGLA
S.c. 'AU A G UMU U AGCU/ CAU S.c. UAUCAAC JUCc UGGUAG UAGUG CUACCAUGGU GU

D.d. U AU CAGUAAAUC-G d. CCC AUCAAC LUjAUGGUA8G UU CCUACCAUGGU GU

16 16' 17.A 1 1 L I ---
17'

C H.v. AGUGCGAGGG UAUA UCCUCGCUU CUCGACCGU----AAG--- CGGUCGAGG
P.IL CAAUACAGGGCU-GUCUUGUA UUGiGLGUAGUAUCCC UUACKGlA
S.c. CGAUACAGGGCC UUC|GGUCUUGU AUUGGAAUGAGUACA GUA UACC UPCGAG
Dd. CAA ~i0CCU U v AUGAACAC 4ACU UAAU -AAC

28 28'
D H.v. UACAGU UG A GGU ALGACCUAUC CG GCUGUA

P.m. AUA GAU AGAU ALAG C CJUGAJUCUAUG

S.c. ACA GAU GAU A C C UG UUUGUG

P.d. AUA G GACE UCUAUA

31 31'

E H.v. UACC UG GCGUC

P.m UGGASUG UUGUC
S.c. 3UGGA3UGAJUUGUC
O.d. UGGACG UUGUC

FIG. 3. Alignment of parts of the
small-ribosomal-subunit rRNA se-
quences that are distinctive for dinoflag-
ellates. The following sequences are
aligned and indicated by the initials of
genus and species name (from top to
bottom): H. volcanii (H.v.), P. micans
(P.m.), S. cerevisiae (S.c.), and D. dis-
coideum (D.d.). Boxes labeled 8-8', etc.,
correspond to the helices, as in Fig. 2.
The interior loops and bulges are defined
by nested boxes.
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HH.v.

FIG. 4. Phylogenetic tree. Optimum phylogenetic tree was cal-
culated from the difference matrix (Table 2) as described (30). The
branch lengths are the number of mutational differences calculated.
Abbreviations of the species name are as in Table 1.

striking that the maximum homology is shared by H. volcanji
and P. micans. This would correspond either to evolutionary
convergence or to a significant conservation of structural
similarities common to archaeobacteria and to dinoflagell-
ates. As discussed by Eckenrode et al. (34), the percentage
homology between two random sequences is around 50%,
which is close to that between E. coli and eukaryotes. So, the
60% homology between H. volcanji and P. micans is prob-
ably significant. This homology may be related to the struc-
tural homology found in helices 8, 17, 28, and 31, between the
dinoflagellate and the archaeobacterial sequence. On the
other hand, the similarity between Dictyostelium and the
other eukaryotes is the lowest. This has been interpreted by
McCaroll et al. (33) as the earliest branching in the eukaryotic
lineage, rather than convergent evolution or rapid evolution-
ary drift. These authors have proposed a eukaryotic tree
where D. discoideum branches off first. Using the same

procedure as that which we have used for the 5.8S rRNA
sequence (30), we obtained a very similar tree calculated
from the data of Table 2, where dinoflagellates branch first,
followed by D. discoideum (Fig. 4). This tree is very
homologous to that of Hasegawa et al. (23) and presents the
same ambiguity concerning the respective departure ofplants
and fungi; this is also the case for the slime mold and the
dinoflagellates. This early branching agrees well with the data
obtained from the sequence comparison of Fig. 3, where
some structural features are more similar to the archaeobac-
teria than any other eukaryote. However, the published (50)
Euglena gracilis sequence appears more divergent than other
eukaryotes, but structural comparison with archaeobacteria
has not been presented.
The data obtained from the analysis of the dinoflagellate

17S rRNA sequence seem to confirm morphological data
about their primitive eukaryotic organization and suggest an

early branching from the eukaryotic lineage. In addition, by
isolation ofthe rRNA gene, we may use the promoter as a tool
to check further functional evidence (on gene regulation) of
the primitive position of dinoflagellates.
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