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Summary. Partial nucleotide sequences for the 5S and
5.85 rRNAs from the dinoflagellate Crypthecodinium
cohnii have been determined, using a rapid chemical
sequencing method, for the purpose of studying dino-
flagellate phylogeny. The 5S RNA sequence shows the
most homology (75%) with the 5S sequences of higher
animals and the least homology (< 60%) with prokaryo-
tic sequences. In addition, it lacks certain residues which
are highly conserved in prokaryotic molecules but are
generally missing in eukaryotes. These findings suggest
a distant relationship between dinoflagellates and
the prokaryotes. Using two different sequence align-
ments and several different methods for selecting an
optimum phylogenetic tree for a collection of 5S se-
quences including higher plants and animals, fungi, and
bacteria in addition to the C. cohnmii sequence, the
dinoflagellate lineage was joined to the tree at the point
of the plant-animal divergence. well above the branching
point of the fungi. This result is of interest because
(it implies that the well-documented absence in dino-
flagellates of histones and the typical nucleosomal
subunit structure of eukaryotic chromatin is the result
of secondary loss, and not an indication of an extremely
primitive state, as was previously suggested. Computer
simulations of 55 RNA evolution have been carried
out in order to demonstrate that the above-mentioned
phylogenetic placement is not likely to be the result
of random sequence convergence.

We have also constructed a phylogeny for 5.8S RNA
sequences in which plants, animals, fungi and the dino-
flagellates are again represented. While the order of
branching on this tree is the same as in the 5S tree for
the organisms represented, because it lacks prokaryotes,
the 5.8S tree cannot be considered a strong independent
confirmation of the 5S result. Moreover, 5.8S RNA

Offprint requests to: A.G. Hinnebusch

0022-2844/81/0017/0334/802.80

appears to have experienced very different rates of
evolution in different lineages indicating that it may
not be the best indicator of evolutionary relationships.

We have also considered the existing biological data
regarding dinoflagellate evolution in relation to our
molecular phylogenetic evidence.
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Introduction

The dinoflagellates are a group of diverse eukaryotic
algae possessing a number of unique cellular properties.
These include characteristics of their cell covering, ca-
rotenoid pigment composition, the mechanism of mito-
sis, and the composition and fine structure of the chro-
mosomes (Dodge 1973). The last feature is perhaps the
most interesting: the chromosomes remain condensed
throughout the cell cycle and fine-structural studies have
revealed a fibrillar arrangement which resembles that
seen in bacterial nucleoids (Giesbrecht 1962). Charac-
terization of the chromatin of several free-living species
has revealed a basic protein to DNA ratio 10—50 times
lower than in other eukaryotic chromatin (Rizzo and
Nooden 1974) and an absence of the nucleosomal sub-
unit structure (Hamkalo and Rattner 1977; Rizzo and
Burghardt 1980;C. Yen and P. M. M. Rae, personal com-
munication) detected in all other nucleated organisms
that have been examined (Horgen and Silver 1978).
These features, along with the nuclear membrane associ-
ation of dinoflagellate chromosomes during mitosis
(Kubai and Ris 1969; Oakley and Dodge 1974) have led
some to suggest that these algae may represent the first



of the extant eukaryotic groups to diverge from the
eukaryotic line following its split from the common
prokaryotes, prior to the evolution of the histone-based
subunit structure of chromatin (the Mesokaryote hy-
pothesis; Dodge 1965 ; Loeblich 1976).

In contrast to these prokaryotic affinities, dino-
flagellate nuclei contain large and highly variable quan-
tites of DNA, comparable to higher plant and animal
nuclei and atypical of the prokaryotes and most other
protists {Cavalier-Smith 1978). One free-living species,
Crypthecodinium cohnii, has been shown to contain a
large fraction (about 40%) of its DNA in repeated se-
quences which occur, in part, finely interspersed with
non-repetitive sequences in a manner closely resembling
that of most higher eukaryotic genomes (Hinnebusch et
al. 1980). In addition, the other organelles occupying

the dinoflagellate cell appear to be no less evolved than

in other eukaryotic algae (Kubai and Ris 1969; Dodge
1973) and show definite affinites with other flagellate
groups {(Taylor 1976). The pigment composition also
suggests relatedness with other eukaryotic algae, particu-
larly the chromophytes (Ragan and Chapman 1978).
Finally, histochemical studies have detected more typi-
cal quantities of basic chromosomal proteins in certain
parasitic dinoflagellates than occur in most free-living
species (Ris and Kubai 1974; Hollande 1974). In view
of these properties, one must consider the possibility
that dinoflagellates do not represent the most primitive
present-day eukaryotes, but instead are degenerate forms
which secondarily lost the otherwise highly conserved
features of eukaryotic chromatin structure. Indeed, in
recent attempts at constructing a phylogeny of the pro-
tists, this group has not been considered the most primi-
tive of the Eukaryota (Sagan 1967; Cavalier-Smith 1975;
Taylor 1976;Ragan and Chapman 1978).

We decided to approach the problem of dinoflagel-
late phylogeny by characterizing the primary structures
of the small RNA molecules (5S and 5.8S) found in the
cytoplasmic ribosomes of the dinoflagellate, C. co#nii.
A comparison of these sequences with those known
from other organisms can then be used to construct
an evolutionary tree for the organisms involved. This
approach has been justified by the construction of a
vertebrate phylogeny from cytochrome ¢ sequences
that is generally consistent with the existing paleon-
tological and biological data (Fitch and Margoliash
1967). In addition, 5S RNA trees have been published
which consistently cluster together organisms known to
belong to the same phylogenetic groupings (Schwartz
and Dayhoff 1978; Hori and Osawa 1979). Molecular
phylogenetics is particularly appropriate for the Protista
because of the limited and inconclusive nature of the
fossil record that exists for this group (Loeblich 1974)
and .the paucity of reliable morphological phyletic
markers among living protists (Taylor 1976). The results
of our analysis suggest that the absence of histones and
nucleosomes in dinoflagellate chromatin is probably
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not an indication of a close evolutionary relationship
with the Prokaryota.

Methods

Isolation and Sequencing of RNA. Total RNA was extracted
from late log-phase axenic cultures of C. cohnii growing in
MLH (Tuttle and Loeblich 1975). Cells were harvested at
2,500 X g, washed in ten volumes of 0.35 M Na(l, 0.01 M
Tris-HCI (pH 8), 1| mM EDTA (SET buffer), and ground in liquid
N7 to a fine powder. After resuspending in SET, the lysate was
repeatedly extracted with phenol:chloroform:isoamyl alcohol
(1:1:0.02) at room temperature. Cold ethanol was added, DNA
was wound out, and the remaining nucleic acids were collected
at 10,000 X g. The pellet was rinsed in 95% ethanol, dried in
vacuo, and resuspended in 10 mM Tris-HCl (pH 8), 10 mM NaCl,
10 mM MgCly. Electrophoretically purified DNase I (Worthing-
ton), further purified by chromatography on agarose-coupled
aminophenylphosphoryl-uridine-2’(3’)-phosphate (Maxwell et al.
1977), was added to 100 ug/ml and incubated at 37°C for
20 min with constant agitation. RNA was extracted as above,
precipitated with ethanol, and resuspended at 65°C in 8 M urea,
1/2 X TBE (1 X TBE: 50 mM Tris-borate (pH 8.3), 1 mM
EDTA) and 0.05% each of bromophenol blue and xylene cyanol.

RNA was fractionated on 3 mm-thick 10% polyacrylamide,
7 M urea, 1 X TBE slab gels, using a 4% stacking gel (Rubin
1975). The 5S and 5.8S RNAs were identified by coelectro-
phoresis with yeast 5S and 5.8S standards (gifts from D. Peattie)
and were extracted from the gel, end-labeled at their 3’ termini,
repurified on 0.45 mm 10% polyacrylamide-urea gels and se-
quenced, all according to Peattic (1979). In the sequencing
reactions, twice the amount of labeled RNA was used in the
C > U reaction than in the other three base-specific reactions
because of a higher background observed on gels for this reac-
tion. In addition, a 10 min reaction time was employed instead
of 20-30 min. Thin (0.45 mm) 40 cm-long sequencing gels
run at 1.6 kV were used throughout, except for determination
of the first few nucleotides from the end, where 1.5 mm-thick,
20 cm-long gels were used and run at 1.0 kV.

Isolation of RNA from Ribosomes. Cytoplasmic ribosomes
were isolated according to Werner-Schlenzka et al. (1978),
except that they were collected at 40,000 rpm in the Beckman
rotor 60 Ti for 90 min. The ribosomal pellet was resuspended
in SET, phenol extracted, and ethanol precipitated as above.
The RNA was examined on 1.5 mm 10% polyacrylamide-urea
gels. Electrophoresis on 3% polyacrylamide-urea gels with known
standards verified the occurrence of the large rRNAs in this

fraction. '

Construction of Evolutionary Trees. C. cohnii 58 and 5.8S RNA
sequences were aligned with other known sequences using
published alignments for these molecules (Hori and Osawa
1979; Schwartz and Dayhoff 1978; Pavlakis et al. 1979). Align-
ment was straightforward for 58 RNA, but several alternatives
were considered for the collection of 5.85 RNA sequences (see
Results). In the calculation of difference matrices from the
alignments, a gap in a sequence was counted as only a single
difference in comparison with a non-gapped sequence, regard-
less of the gap length. A gap aligned with another gap was
counted as zero sequence difference. Difference matrices were
corrected for reverse and duplicate mutations using either the
formula of Holmquist (1972) which assumes completely random
substitution, or an analogous correction of our own (see Appen-
dix) which assumes an equal probability for the single transition
and the two transversions which can occur at any given site
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(i.e., the transition is twice as likely as either transversion). The
length of the sequences assumed in applying these corrections
will be indicated as the results are discussed.

The corrected, or in some cases, the uncorrected difference
matrix is the starting point in applying the various methods we
have employed to select the optimum evolutionary tree. Two
of the methods used examine all possible tree topologies and
select the one which minimizes a particular property of the tree.
For each tree topology (order of branching) considered, the first
step is to assign lengths to the branches of the tree. To do so,
we have used an unweighted multinomial least-squares analysis
which uses only the data in the difference matrix (Blanken et
al. submitted). In the first method, we calculate the percent-
standard-deviation (%sp) of the difference matrix calculated
from the assigned branch lengths of each topology from the
observed difference matrix:

= NN 2 /2

%spy = [iz=1 j2=1 {100 S fij)/dij PN -2}

where N is the number of sequences and dj and fjj are the
ijth elements of the observed and reconstructed difference
matrices, respectively. The topology which minimizes this
quantity is selected. This method, which will be referred to as
the PSD method (Percent-Standard-Deviation), is a modifica-
tion of the matrix method introduced by Fitch and Margoliash
(1967). In the second method, the topology which minimizes
the sum of the absolute values of the tree branch lengths, i.e. the
most parsimonious tree, is selected. This method will be called
the SBL method (Sum-of-Branch-Lengths) and is the same as
that introduced by Dayhoff (1978) except for the procedure
used to assign branch lengths and the requirement exercised
here that every topology be tested. Also, in using both methods,
trees with any negative branch lengths having absolute values
> 1 are disqualified, since we have found by extensive computer
simulations of evolutionary trees that this substantially increases
the precision of these methods (Blanken et al. submitted).

The third method we have used is based on a theoretically
justified conversion of the difference matrix which is useful
for sequences which have evolved at different rates (Klotz et
al. 1979). In this approach, each element of the difference
matrix is converted by subtracting from it the distances (number
of mutations) of the two sequences being compared from a
common ancestor of all the sequences involved. In the idealized
situation where the exact number of mutations separating a
group of sequences is known, this converted difference matrix
will always yield the correct topology using simple cluster
analysis to calculate the tree (Klotz et al. 1979). We have recent-
ly developed two methods of applying this correction (Blanken
et al. submitted), only one of which will be used in the present
study and is outlined briefly here.

It can be shown that in the absence of information about the
true ancestral sequence for a group of sequences (which is gen-
erally the case) it is possible to use any position on the evolu-
tionary tree as a fixed reference point, in place of the real
ancestor, to calculate the converted difference matrix. Thus,
the most straightforward approach is simply to use one, or a
tight group of present-day sequences as this reference point.
The values subtracted from the matrix elements generated
from comparisons of the remaining sequences are obtained
directly from the matrix row belonging to the sequence chosen
as the “‘ancestor’”. (When a group of sequences are used as the
ancestral sequence, the values in the corresponding matrix rows
are first averaged.) Thus, if the vector X consists of the row
of the difference matrix corresponding to the chosen ancestral
sequence, then d’ij, the ijth element of the converted difference
matrix D, is given by:

dij=dijvxi—xj ,
where x; and x; are the ith and jth elements, respectively, of X.
The optimum tree is then calculated directly from D’ using
simple cluster analysis (Fitch and Margoliash 1967). This method
will be referred to below as the PDA method (Present-Day-

Ancestor).

Computer Simulations. Simulations of evolutionary trees were
conducted to establish confidence estimates for various place-
ments on real trees. The details of these simulations and the
rationale behind them are presented in Results, and we limit our
discussion here to technical points not dealt with there. The
simulations were done using a WANG 2200 computer. Sequences
120 residues in length were simulated according to evolutionary
trees presented in Results, beginning with an arbitrarily chosen
ancestral sequence in which half of the residues are self-com-
plementary:

(AUGC), 5(AUGC), ¢(UACG), ¢

For a set of X mutations, X random numbers between zero and
one were generated by the computer. Those falling between zero
and 0.4 designated mutations in the first half of the molecule
which were introduced randomly with respect to both position
and the nature of the substitution, each being specified by an
additional random number. The number of random numbers
> 0.4 specified twice the number of mutations which were
introduced into the second half of the molecule, as these were
introduced in pairs to maintain the self-complementary of this
half of the molecule, with only the first member of each pair
chosen randomly. In some simulations, substitutions were not
random in that transition mutations were made twice as likely
as either of the possible transversions at any given site. Each
of the nodal sequences in the simulated trees was stored for
additional simulations from these points.

In calculating trees from the simulated sequences, the se-
quences were aligned directly without the use of gaps, and
difference matrices were calculated and corrected as described
above. The SBL and PSD criteria were used to first select the
two optimum four-membered topologies representing the pro-
karyotic and eukaryotic sides of the tree, and then to join these
to produce an 8-membered tree. If the selected tree topology
corresponded to that which programmed the simulations, and
the branch lengths were reasonably similar, it was used to
simulate a ninth sequence from various stored nodal sequences.
The optimum position of this ninth sequence was selected using
the PSD and SBL methods holding the original eight positions
fixed, or by using the PDA method with the simulated pro-
karyotic sequences as the ancestral sequences.

Results

Partial Nucleotide Sequences of C. cohnii 5S and 5.85
RNA

5S and 5.85 RNAs were isolated by gel electrophoresis
from total C. cohnii RNA, 3’ end-labeled, and sequenced
by the method of Peattic (1979). These molecules are
found in the 90S cytoplasmic ribosomal pellet; however
in this preparation, there are other small RNA species
present with very similar electrophoretic mobilities not
seen in RNA extracted directly from whole cells (data
not shown). We presume that these contaminating



species are breakdown products of the larger rRNA, and
chose to sequence the molecules isolated from total
RNA instead. Figure 1 shows representative autoradio-
grams of sequencing gels for C. cohnii 5S and 5.8S
RNAs in which about 100 residues of each can be read.
For each of the molecules, every position in the se-
quence was determined from at least two separate gels.
Occasionally, there were uncertainties in the reading
from one particular gel (e.g. the 5S positions 85—-89
where the identification of the G residues is not con-
vincing), but in all cases, these were resolved either by
examining replicate gels, or by running gels of different
concentrations.

Since the unreacted, full-length strands obscure the
reading of the 5° ultimate residues, we attempted to se-
quence 5’ end-labeled molecules prepared with 7—32P—
ATP and T4 polynucleotide kinase (Maxam and Gilbert
1980). However, the sequence ladders we obtained
appeared to be mixtures of two or more sequences,
probably due to heterogeneity at the 5’ ends (data not
shown). We estimate that two to three additional resi-
dues that we have not identified could exist at the §’
ends of these molecules.

The sequence determinations we have made are
shown in Fig. 2 arranged in secondary structure models
similar to those proposed by other workers for homol-
ogous 58 (Fox and Woese 1975) and 5.8S (Nazar et al.
1975) RNAs. The dinoflagellate sequences conform well
to these proposed models, and represent further demon-
strations of compensatory mutations which maintain
complementarity in the helical regions predicted by
them, despite extensive sequence divergence from the
other known sequences for C. cohnii 5.85 RNA (see
below). At least in the case of 58 RNA, the proposed
model is also consistent with much of the available data
regarding base-pairing in the molecule free in solution
(Vigne and Jordan 1977; Noller and Garret 1979), al-
though it cannot be considered to have been rigorously
proven.

The arm of the C. cohnii 5S structure which ends in
the loop labeled L has been arranged to display more
helicity than occurs in the Fox and Woese (1975) model
proposed for prokaryotic 5S RNA and analogous struc-
tures suggested for eukaryotic sequences (Vigne and
Jordan 1977; Hori and Osawa 1979). In fact, the C
cohnii model contains both of the helical regions in this
portion of the structure suggested by the latter two
groups of workers for eukaryotic 58 RNA, and could
even include three additional base pairs involving loop
L residues (1 GU and 2 GC base pairs), in the manner
suggested by Nishikawa and Takemura (1974) for
Torulopsis utilis SS RNA. While the characteristics of
this region of the proposed 5S RNA structures are not
absolutely diagnostic of the origin of a 5S sequence,
in possessing a purine-rich loop at the end of this stem-
loop structure which is at least four residues in length,
C. cohnii 5S RNA appears to be more eukaryotic-like:
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Fig. 1. Sequence ladders for a portion of C. cohnii 5S and
5.8S RNAs. The numbering begins at the last 5° residues read
from our gels, which may be a few residues from the true 5’
ends. Note that it does not correspond to the numbering in
Fig. 3

the great majority of prokaryotic 5S molecules, when
arranged in this fashion, display a three-residue, exclu-
sively pyrimidine loop at the end of a duplex stem (Fox
and Woese 1975; Hori and Osawa 1979).

In Fig. 3, the dinoflagellate sequences are shown
aligned with several other homologous sequences (see
legend for complete species names). The 5S RNA
alignment (Fig. 3A) is adapted from Hori and Osawa
(1979), and is based on the secondary structure model
of the type shown for C. cohnii 5S RNA in Fig. 2A.
Based on this alignment, C. cohnii 5SS RNA shows the
most homology (about 75%) with the animal sequences
and the least homology (< 60%) with the prokaryote
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sequences. In addition, the dinoflagellate 5S RNA
lacks two sequences found to be highly conserved in
prokaryotes, but not in eukaryotes: the sequence
5°CCGAAC3’ at positions 46—51, and the longer se-
quence at positions 78—87. The italicized part of the
former is believed to interact with the “GTy¢/C loop” of
prokaryotic tRNA (Erdmann 1976), the latter with the
23S rRNA (Herr and Noller 1975). It has been suggested
that the eukaryotic equivalent of the tRNA binding site,
S’GAﬁ C3’, is involved in binding only initiator tRNA
(Erdmann 1976), which has S’GIYC3’ in place of
5’GTyC3’ in loop IV (Larue et al. 1979). If so, the novel
occurrence of the sequence 5’GACC3’ in C. cohnii 5S
RNA represents the third of the three possible tetra-
nucleotides capable of base-pairing with the initiator
tRNA sequence, based on the pairing potential of
inosine (Crick 1966). Finally, the dinoflagellate mole-
cule contains a sequence between positions 101-118
that is complementary to 14 nucleotides in yeast 18S
rRna and is closely related to a sequence found in all
eukaryotic 58 RNA molecules at this position. This
complementarity is probably involved in the association
of the ribosomal subunits in protein synthesis (Azad
1979). An analogous complementarity exists for proka-
ryotic 5S RNA and 16S rRNA at the same position in
these molecules but involving different sequences.

The alignment of the 5.8S RNA sequences in Fig.
3B is adapted from Pavlakis et al. (1979) to include
the recently reported broad bean sequence (Tanaka et
al. 1980) and the C. cohnii sequence (see below for dis-
cussion of this alignment). In this case, the C. cohnii
sequence has diverged from all other known sequences
to about the same extent (45%). Despite this low degree
of homology, there is little doubt that this is in fact a
5.8S ribosomal RNA, as indicated by the large number
of conserved residues shared by all of the 5.8S molecules
(56 out of about 156, Fig. 3B). In particular, three long
conserved regions occur at positions 3451, 69—80, and
102—-111. As already noted by Pavlakis et al. (1979),
the 3°, 30% of the molecule has undergone much more
evolution than the rest of the molecule, especially be-
tween positions 118-145. The broad bean and dino-
flagellate sequences provide further evidence of the
variation permitted in this part of the molecule.

Since the sequencing method employed here cannot
give a direct indication of the occurrence of modified
residues, it is possible that there are a few pseudo-
uridines in the dinoflagellate molecules which we have
been unable to detect as noticeable gaps in the sequence
ladders (Peattie 1979). Only certain fungal 5S RNA
molecules contain pseudouridine (at one position).
However, nine out of the ten 5.8S RNA molecules that
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Fig. 3 A and B. Alignments of C. cohnii 5S and 5.8S RNAs adapted from published alignments. The conserved residues were tabulated
using all known sequences, not just those shown here. The marked conserved residues occur without exception; those unmarked dif-
fer in only one or a closely related group of sequences. The complete names for those abbreviated in the figure are as follows. A
Xenopus laevis, Drosophila melanogaster, Saccharomyces cerevisiae, Pichia membranaefaciens, Crypthecodinium cohnii, Escherichia
coli, Pseudomonas fluorescens, Bacillus subtilis, Clostridium pasteurianum; B same as above, plus Neurospora crassa
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have been examined contain at least one pseudou
(Erdmann 1980; Tanaka et al. 1980), although the posi-
tion of this modification varies among plants, animals,
and fungi. At one of the three positions at which pseu-
douridine has been observed in other 5.8S sequences
(position 18, Fig. 3B), C. cohnii 5.8S RNA has a uridine,
while at the remaining two (positions 57 and 75, Fig.
3B), the alignment indicates a gap in the C. cohnii se-
quence. The latter would perhaps be likely positions
for pseudouridine residues in the dinoflagellate mole-
cule, if they exist. However, we do not detect gaps in the
C. cohnii sequence ladder at these points, while in a
similar study on wheat 5.8S RNA (data not shown),
we consistently identified two gaps in the sequence
ladder which correspond to known pseudouridine
positions in the broad bean 5.8S sequence (Tanaka
et al. 1980).

Construction of a 5S RNA Phylogeny

We have constructed an evolutionary tree of 5S RNA
sequences from a difference matrix obtained from a
comparison of C. cohnii 5S RNA with other known 58
sequences, aligned as in Fig. 3A. The difference matrix
is presented in Table 1, along with the same matrix
corrected for multiple substitution at each site using the
equation of Holmquist (1972) for a sequence of length
120. Three different methods of selecting the best tree

, topology have been employed. As explained in Methods,
two of these are modifications of published procedures
in which various topologies are examined and the one
which minimizes a particular property of the topology
is chosen:

(1) percent-standard-deviation from the observed
difference matrix of the difference matrix reconstructed
from the tested topology (Fitch and Margoliash 1967);

(2) sum of the branch lengths of the tested topology
(Dayhoff 1978). o
These methods are referred to below as the PSD and
SBL methods, respectively. We have restricted the num-
ber of sequences on our tree to a number small enough

(six) to permit an examination of all possible topologies
in applying these two methods. The third method is
based on a conversion of the difference matrix for un-
equal evolutionary rates (Klotz et al. 1979), which
performs as well as the above methods in picking the
correct topology for computer-simulated trees (Blanken
et al. submitted), but does not require examination of
alternate topologies and is thus not limited to small
trees. This conversion involves a subtraction from each
element of the difference matrix of the distances of the
two sequences being compared from a fixed reference
point on the tree (see Methods for details). This method
will be referred as the PDA method.

When applied to the corrected difference matrix in
Table 1, these methods yield the evolutionary trees
shown in Fig. 4A and 4B. These two trees differ only in
the order of branching of the higher plants and the
dinoflagellates, and in the branch lengths. The PDA
method selects the tree in Fig. 4A, using either verte-
brates, gram-negative, or gram-positive bacteria as the
fixed reference sequences. The PSD and SBL methods
choose the tree in Fig. 4B, while selecting the tree in
Fig. 4A as the next most likely topology. In fact, the
percent-standard-deviation and the sum of the branch
lengths for the tree in Fig. 4A are insignificantly smaller
than the values for the tree in Fig. 4B. Using a somewhat
different alignment based on a different secondary
structure model (Schwartz and Dayhoff 1978) of a
similiar set of sequences (rye, S. carlbergensis, and
B. megaterium replacing tomato, S. cerevisize, and B.
subtilis, respectively), the tree in Fig. 4A is chosen un-
ambiguously by all three methods.

The equation of Holmquist (1972) that was used
to correct the matrix in Table 1 for multiple substitu-
tions assumes that completely random substitution
has occurred at every site in the molecule during its
evolution. This assumption is unlikely to be strictly
true. At the very least, it does not take into account
insertions and deletions which the alignments (Fig. 3A)
indicate have occurred frequently in 5S RNA evolution,
and it is probable that functional constraints cause cer-

Table 1. Observed and corrected difference matrices for 5S RNA sequencesa

1 2 3 4 5 6 7 8 9 10 il
1) X laevis 0 36.2 725 79.5 581 64.0 122.1 89.7 101.3 139.2 473
2) D. melanogaster 30 0 82.0 77.1  64.0 66.1 114.6 84.5 101.3 122.1 45.7
3) S. cerevisiae 50 54 0 5.1 74.8 82.0 139.2 98.3 79.5 118.2 66.1
4) P. membranaefaciens 53 52 5 0 87.1 89.7 139.2 92.5 77.1 114.6 66.1
5) Tomato 43 46 51 56 0 7.2 118.2 95.3 101.3 144.0 56.2
6) Sunflower 46 47 54 57 7 0 122.1 101.3 104.4 134.6 62.0
7) P. fluorescens 67 65 71 71 66 67 0 49.0 60.0 107.7 107.7
8) E. coli 57 55 60 58 59 61 38 0 40.8 92.5 74.8
9) B. subtilis 61 61 53 52 61 62 44 33 0 54.4 82.0
10) C. pasteurianum 71 67 66 65 72 70 63 58 41 0 130.2
11) C. cohnii 37 36 47 47 42 45 63 51 54 69 0

2The observed number of differences is given in the bottom left. The calculated mutational differences are in the upper right.
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Fig. 4 A-C. 55 RNA phylogenies. The branch lengths are the least-squares number of mutational differences calculated from the

corrected difference matrix in Table 1

tain sites to mutate faster than others. Thus, it was im-
portant to demonstrate that the calculated branching
order of the 5S tree is not dependent upon the use of
this correction. In fact, the uncorrected difference
matrix in Table 1 yields the same trees as shown in
Figs. 4A and 4B, although as expected, with shorter
branch lengths. In addition, if we assume a sequence
length of 110 in applying the Holmquist correction
instead of 120, to take into account the possibility that
about 10 positions in the molecule are held invariant
by functional constraints, as suggested by current 58
RNA alignments (Schwartz and Dayhoff 1978; Hori and
Osawa 1979), the same results are again obtained. Final-
ly, we have employed a different correction which as-
sumes that the frequency of a transition is twice as likely
as either transversion that can occur at a given site (see
Appendix) as was suggested for 5S RNA evolution
(Sankoff et al. 1976). Again, the topologies are the same
as shown in Fig. 4, indicating that this result is not likely
to be an artifact of the method used to correct the ob-
served difference matrix for multiple substitutions.

In Fig. 4C, we have employed the PDA method and
the corrected matrix in Table 1 to construct a more ex-
tensive tree representing all of the sequences aligned in
Fig. 3A. This tree has the same topology for the groups
represented as that recently presented by Schwartz and
Dayhoff (1978) using their criterion of minimum ab-
solute sum of branch lengths and examining a large num-
ber (although presumably not all) off the possible topol-
ogies. It demonstrates that 55 RNA trees do in fact
group together organisms that are known to be closely
related. In addition, it places C. cohnii at the same posi-
tion as shown in Fig. 4A. This tree was constructed using
three Bacillus species (B. subtilis, B. megatorium, and
B. stearothermophilus) as the reference point in applying
the PDA method. If human and Xenopus are used in-
stead, the same tree is obtained except that C. cohnii
is placed just below the plant-animal divergence as in

Fig. 4B. As with the smaller trees in Figs. 4A and 4B,
these two topologies are essentially indistinguishable
by the criteria of the SBL and PSD methods.

These trees confirm the qualitative impression from
the last section of a close relationship between the 5S
RNA of C cohnii and other eukaryotic groups. Al-
though there is disagreement on the order of divergence
of the dinoflagellate and higher plant branches, they all
agree in placing dinoflagellates higher on the eukaryotic
line leading to plants and animals than the fungi. As will
now be explained, this implies that the absence of
histones in dinoflagellates is due to secondary loss rather
than primitive origin.

We assume that the common ancestor of all the
organisms on the trees in Fig. 4 can only be placed on
one of the branches below the yeast node (the A-B
internodal branch, the A-E. coli branch, or the A-B.
subtilis branch in Fig. 4A. This assumption provides
the direction in time for the eukaryotes on the trees
shown in Fig. 4 with plants, animals, and dinoflagel-
lates branching off higher on the tree, and therefore
later in time, than the fungi. Such an assumption is
necessary because there is no information in the dif-
ference matrix on the position of the real ancestor
for the sequences involved, and it is reasonable in
view of the more ancient fossil record and metabolic
diversity of the Prokaryota as well as the probable
anaerobicity of the pre-biotic environment (Dobzhansky
et al. 1977). Since typical eukaryotic chromatin struc-
ture occurs in plants, animals, and fungi, than either it
occurred as well in their common ancestor at node B
in Fig. 4A, or it evolved independently in the fungi
and in higher eukaryotes. This latter alternative is highly
unlikely in view of the similarities between the histones
and the fine-structure of the nucleosomes in these three
groups (Horgen and Silver 1978). It follows that if the
dinoflagellates diverged later than the fungi, as indicated
by the 5S RNA sequences, then they evolved from a
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histone-containing eukaryote. (The unlikely placement
of the ancestor on any of the eukaryotic branches
(above node B in Fig. 4A) leads to the equally interest-
ing conclusion that the prokaryotes originally contained
histones but lost them at some point.)

Computer Simulations of 58 RNA Evolution

Since the predicted topologies of the 5S RNA trees in
Fig. 4 are not particularly sensitive to differences in se-
quence alignment, perhaps the major obstacle to their
acceptance is the possibility that the close homology
observed between the dinoflagellate sequence and the
higher eukaryote sequences is due to convergence. Al-
though the only definitive way one can counter this
objection is to examine molecular sequences in addition
to 5S RNA, we have attempted to provide an estimate of
the likelihood that dinoflagellates actually diverged
before the fungi and that the homology between C.
cohnii 5§ RNA and the sequences of higher plants and
animals is due to random convergence instead of phylo-
genetic relatedness. This estimate is based on computer
simulations of 5S RNA-like evolutionary histories. In
these simulations, we began with an arbitrarily chosen
120 nucleotide ancestral sequence (see Methods) and in-
troduced random mutations in this molecule along a
set of paths which represents the actual 5S RNA tree for
a group of sequences. Based on the secondary structure
model for 5S RNA of the general type suggested by Fox
and Woese (1975), we began with and maintained
throughout the simulations self-complementarity in one-
half of each of the simulated sequences. Based on the
rate of evolution in the helical and non-helical regions of
the molecule predicted by this model and calculated
from a comparison of a large set of aligned 5S sequences,
we introduced on average 1.5 times as many substitu-
tions into the helical regions as in the non-helical re-
gions. (The secondary structure mode! on which these
calculations were based has not been proven conclusive-
ly, but appeared to be the best estimate of universally
occurring base-pairing schemes available.)

In Fig. 5B is shown the eukaryotic portion of one
of several simulations we have generated of the actual
58 RNA tree shown in Fig. SA. (The real tree in Fig. 5A
was selected using the PDA method, with the Bacillus
sequences as the common ancestor, and agrees in topol-
ogy with the trees shown in Fig. 4 for the sequences

shared, although the lengths of the branches held in -

common are slightly different due to the different
sequence sets used in the two cases.) In the simula-
tions, the ancestral sequence was arbitrarily placed
midway on the branch separating eukaryotes and pro-
karyotes (the arrow in Fig. 5A) and sets of random
mutations were introduced according to the branch
lengths on the actual 5S RNA tree. Using the generated
sequences A-D, which represent the two animals, toma-

X. laevis
D. melanogaster

Tomato

18 / C. cohnii

S cerevisiae

Bacillus
Spp

Fig. 5 A and B. The optimum 5S RNA tree for the sequences
shown calculated using the PDA method with three Bacillus
sequences as ancestor: B. subtilis, B. stearothermophilus and
B. megaterium (the latter two are aligned in Hori and Osawa
(1979)). B The eukaryotic portion of a simulation of the tree
in A. The ancestral sequence is represented by the dashed line
at the base of the tree. The dotted line is the attachment point
for the prokaryotic-like sequences not shown

to, and yeast sequences respectively, and the prokaryo-
te-like sequences not shown, the tree topology was back-
calculated using the methods described above. If the
selected topology corresponded to the real 55 RNA
topology for these sequences, and the branch lengths
were also in reasonable agreement, then it was used to
test the significance of the dinoflagellate placement
on the real tree. To do this. we determined the frequen-
cy that a sequence which diverges from point X in Fig.
5B (the simulated yeast node) and evolves to an extent
comparable to the number of mutations separating the
actual dinoflagellate sequence and the yeast node (32),
is placed by the tree construction methods described
earlier at or above the expected position of the dino-
flagellate sequence on the simulated tree (i.e. 13 muta-
tions above the yeast node, at the arrow in Fig. 5B). The
dotted line in Fig. 5B represents the hypothetical dino-
flagellate branch. It is placed at the yeast node instead
of below this point (as the Mesokaryote hypothesis
suggests) to make this test of the likelihood that dino-
flagellate divergence occurred prior to fungal divergence
as stringent as possible. We found that in only two cases
out of 50, a sequence simulated from the yeast node was
placed 13 mutations higher on the tree, using the SBL
and PSD criteria to select the branching point. However,
we must also consider the equally likely 5S tree, not
shown for the sequences in Fig. 5, in which C. cohnii
diverges just below the plant-animal split at 11 instead
of 13 mutations above the yeast node. In only 3 out of
50 trials is sequence E placed this high above node X.

We have also simulated sequences in a similar fashion
from the plant-animal node (Y in Fig. 5B) to test the
significance of the placement of yeast below this point.



Thus, we introduced 46 mutations in the nodal sequence
Y for each of many trials and scored the number of the
resulting sequences that were placed 10 mutations
below node Y. Out of 75 such trials, only 2 were placed
this low. In this set of simulations, as well as those just
mentioned above, we employed several different sim-
ulated 8-membered trees of the type shown in Fig. 5B.

While these simulations involve completely random
substitution at any given site, we have also carried out
simulations which are probably more realistic in which
we impose the non-random equal transition-transversion
probability mentioned in the last section. In this case,
0 of 100 sequences simulated from node X are placed
11 mutations higher than X, and 0 out of 50 simulated
from node Y are placed 10 mutations below Y. Ad-
mittedly, even these simulations do not consider func-
tional convergence or artifacts of alignment, and they
may depend to some extent on the general validity of
the secondary structure model we asssumed in designing
them; however, we believe that they indicate with high
confidence (in the range of 95%) that the placement
of C. cohnii above yeast on the 5S trees is not the
result of random sequence convergence, and is there-
fore deserving of further attention.

The Phylogeny of 5.85 RNA

We have attempted to obtain an independent confirma-
tion of the branching order on the eukaryotic side of the
5S RNA trees in Fig. 4 by also constructing a phylogeny
from the 5.8S RNA sequences. In Table 2 is shown the
5.8S RNA difference matrix calculated from the align-
ments in Fig. 3B and a corrected matrix obtained using
the Holmquist equation assuming an effective sequence
length of 140 nucleotides. This length was chosen in-
stead of the true sequence length of about 160 nucleo-
tides because of the occurrence of 20 residues in the
three long regions at 34—42, 6974, and 7680 (Fig.
3B) that are invariant in all of the known sequences.
Although it is not certain that these positions are ab-
solutely conserved, since the data set is limited, this
seems likely in view of the high degree of substitution
found in the rest of the molecule. Using all three meth-
ods for calculating optimum trees on the corrected
matrix in Table 2 gives the tree shown in Fig. 6A. Note
that it has the same order of branching as the eukaryotic
portion of the 5S tree in Fig. 4A. The same result is
obtained if:

(1) the uncorrected matrix in Table 2 is used;

(2) we reduce the sequence length in applying the
Holmquist correction to 125 to include the shorter
three residue-long invariant sequence stretches (Fig. 3B);

(3) we employ our alternate correction for multiple
substitutions that assumes an equal transition-transver-
sion probability.

However, if we attempt to include all of the invariant
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Table 2. Observed and corrected differences matrices for 5.8S
sequences?

1 2 3 4 5 6
1) Rat 0 56.7 77.5 56.7 67.5 130.9
2) D. melanogaster 44 0 98.2 88.5 98.2 130.9
3) Broad bean 55 64 0 51.7 56.7 138.1
4) §. cerevisiae 44 60 41 0 13.8 106.2
5) N. crassa 50 64 44 13 0 114.8
6) C. cohnii 75 75 77 67 70 0

4The matrices are arranged as in Table 1

sequences in correcting for multiple substitutions, which
results in an effective sequence length of 105, we find
that it is not possible to obtain a tree with positive
branch lengths that accurately clusters the different
animal and fungal sequences on the tree, suggesting that
this is an over-correction.

Unfortunately, the selection of Fig. 6A as the opti-
mum 5.8S tree is somewhat alignment-dependent. We
have constructed two different alignments that vary
from the one shown in Fig. 3B between positions 118—
148. This is the region where the most substitution has
occurred and there are no highly conserved residues to
facilitate alignment. Although these alternate alignments
also result in the selection of the Fig. 6A tree as the
optimum tree, one of them indicates that the tree
shown in Fig. 6B is not significantly inferior by the SBL
and PSD criteria. Because these alignments make greater
use of gaps without revealing a significantly larger num-
ber of homologies, they are probably inferior to that
shown in Fig. 3B. However, since there is no way of
being sure, we can only conclude that the dinoflagel-
late lineage joins the rest of the tree either just above or
just below the plant-animal divergence.

Since prokaryotic ribosomes do not contain 5.8S
RNA, it is not possible to establish from 5.8S sequences
alone the point of earliest time on the tree. However, if
we use the result of the 5S tree in placing the root be-
tween the fungal divergence and the plant-animal split,
it can be seen that the 5.8S trees in Fig. 6 agree with
the 58 trees in Fig. 4 in placing the dinoflagellate diver-
gence just before or just after the plant-animal diver-
gencel. This rooting position is also supported by two
recent tRNA phylogenies (Larue et al. 1979) and is at
least consistent with cytochrome ¢ data (Fitch 1976).

However, there is an alternative explanation that
must be considered. If we root the 5.8S trees as just
suggested, it implies that fungal 5.8S RNAs have evolved
3-fold less than the animal and plant molecules and > 6--

'To see this clearly, after attaching the ancestral branch to
the fungal-plant internodal branch in the tree in Fig. 6A, or the
fungal-C. cohnii internodal branch in Fig. 6B, rotate the fungal
branch counter-clockwise by 90°. This will establish the same
time orientation as shown in the 58 trees in Fig. 4
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Fig. 6 A and B. The optimum 5.8S RNA phylogenies calculated
from the corrected difference matrix in Table 2

fold less than the dinoflagellate molecule — a great
disparity in evolutionary rates. Studies on closely
related animal groups argue in favor of more equivalent
evolutionary rates in different lineages (Wilson 1977)
and if we extend this idea of equal rates to the much
longer evolutionary periods represented in the trees
shown here, we would be obliged to connect the com-
mon ancestor of all the 5.8S sequences to the dinoflagel-
late branch. This would make the divergence of the
dinoflagellates the earliest event on the tree; however,
it would be inconsistent with several other molecular
phylogenies which have been constructed, in the fol-
lowing way. If the point of earliest time on either of the
5.8S trees in Fig. 6 is placed on the C. cohnii branch,
then the tree in Fig. 6A will imply that the fungi di-
verged from the plant lineage after the plant-animal split,
while the tree in Fig. 6B will indicate a coincident
divergence of plants, animals, and fungiz. Both of these
alternatives are at odds with our 5S RNA trees and the
two recently reported tRNA trees (Larue et al. 1979)
which place the fungal divergence well below the plant-
animal split, and our simulations indicate that in the case
of the 5S trees, this is a highly significant result. In
addition to this objection, the disparity in the 5.8S tree
branch lengths of the two animal sequences in Fig. 6,
which differ > 2-fold, and the two fungal sequences
which differ > 3-fold indicates that significantly unequal
rates of evolution do exist for 5.85 RNAs even among
closely related species. Thus, there is no compelling
reason to invoke equivalent evolutionary rates over the
much greater interval represented by the evolution of all
the eukaryotes represented on the 5.8S trees shown in
Fig. 6.

Discussion

58 RNA primary structure may be of great usefulness
in determining the phylogenetic relationships between

*To see this clearly, turn the trees in Fig. 6 upside-down, place
the ancestral branch on the C. cohnii branch, and rotate the
new C. cohnii branch and the plant and animal branches up-
ward so that they point in the same direction as the fungal
branch

the eukaryotic protists, bacteria, and higher plants
and animals. The molecule is found in the large subunits
of prokaryotic and eukaryotic ribosomes, and the length
and most probably the general secondary structure
have been conserved throughout evolution. Examination
of sequences aligned according to the secondary struc-
ture model proposed by Fox and Woese (1975) reveals
the occurrence of short regions in the molecule con-
served in both prokaryotes and eukaryotes (Hori and
Osawa 1979), as well as a degree of homology between
the most divergent sequences that is significantly higher
than that expected for unrelated sequences. In addition,
there are indications of similar functions for prokaryotic
and eukaryotic 5S RNA in tRNA binding (Erdmann
1976) and ribosome subunit association (Azad 1979).
All of these considerations justify the construction of a
phylogenetic tree based on 5S RNA sequence com-
parisons.

The 5S RNA of the dinoflagellate C. cohnii lacks
three different regions that are highly conserved in all
prokaryotic but not eukaryotic 55 RNA molecules. In
addition, the secondary structure proposed in Fig. 2A
features a loop-hairpin structure closely resembling that
suggested for other eukaryotic 5S RNAs (Vigne and
Jordan 1977; Hori and Osawa 1979), and dissimilar from
that predicted for most prokaryotic moelcules (Fox and
Woese 1975). These features, along with the extensive
sequence homology with 5S RNAs from higher eukaryo-
tes indicate a very distant relationship between dino-
flagellates and prokaryotes. The evolutionary trees in
Fig. 4 provide a graphic representation of this fact,
and further suggest that the fungi diverged from the
eukaryotic lineage earlier than the dinoflagellates. This
result is interesting because it implies a loss of histones
and nucleosomal chromatin structure at some point in
dinoflagellate evolution.

The trees in Fig. 4 were selected by three indepen-
dent methods for choosing the optimum tree relating a
set of molecular sequences. The results are not restricted
to a particular 5S RNA alignment. Nor are they depen-
dent on the use of a correction for reverse and duplicate
mutations: the same trees are obtained whether the un-
corrected difference matrix is used or if instead, it is
first corrected assuming either completely random
substitution or a preference for transitions over trans-
versions. The computer simulations of 55 RNA evolu-
tion indicate that the placement of the dinoflagellate
sequence higher on the eukaryotic branch than the
fungi is not likely to be the result of random conver-
gence, although the probability that it is, is far from
vanishingly small. Although the simulations are not
completely realistic, particularly because they don’t
include insertion and deletion mutations which cause
alignment problems, we feel that they provide a valuable
indication of the probability of choosing an incorrect
topology on the basis of chance alone. However, they
do not incorporate functional constraints on 55 RNA



evolution (which are largely unknown), and the pos-
sibility exists that the similarities observed between
dinoflagellate and higher eukaryotic 5S RNAs may
merely reflect common functional requirements. One
argument against this is that phylogenies we have ob-
tained from sequence comparisons limited to either the
helical or nonhelical regions of the 5S RNA molecules
(as defined by the structural model of Fox and Woese)
are the same as those presented in Results for the
whole sequences (data not shown). These regions might
be expected to experience different functional con-
straints on nucleotide replacement, and the fact that
both regions show the greatest homology with the ani-
mal sequences argues for evolutionary relatedness versus
functional convergence. However, this argument depends
on the validity of the secondary structural model em-
ployed in making these calculations, which has not been
demonstrated conclusively.

The only definitive way to rule out the possibility
of convergence and alignment artifacts is to demon-
strate the same phylogeny using other molecular se-
quences. While the 5.8S trees in Fig. 6 are consistent
with the 5S results, in lacking prokaryotic representa-
tion, the 5.8S phylogenies cannot be considered as strong
independent confirmation of the 5S results, and other
sequences will have to be determined. Some appropriate
sequences will be mentioned below.

It is important to consider also the non-sequence evi-
dence that has accumulated concerning the phylogeny of
dinoflagellates and fungi. There are a number of proper-
ties of the latter which suggest their primitive state.
These include:

(1) the lowest DNA contents among eukaryotes,
which overlap with the prokaryotic range (Cavalier—
Smith 1978);

(2) the clustering of the 58 with the large rRNA cis-
trons, as in bacteria and in contrast to higher animals
and at least two eukaryotic protists (Philippsen et al.
1978; Tartof 1975; Tonnesen et al. 1976; Marco and
Rochaix 1980);

(3) the occurence of homologous recombination
upon DNA transformation (Hinnen et al. 1978), as in
bacteria but in contrast to higher eucaryotes (Wigler
et al. 1979);

(4) the virtual absence of polyunsaturated fatty acids
(Ragan and Chapman 1978);

(5) the absence of flagella and centrioles;

(6) a saprophytic mode of nutrition.
On the other hand, the occurrence of chitin and glyco-
gen in the fungi has often been cited as evidence for
a divergence of this group following the plant-animal
split. However, the similarity between glycogen and the
floridean starch found in red algae and the occurence
of chitin in some diatoms weakens these arguments
{(Demoulin1975).

Dinoflagellates show a number of affinities with other
flagellate groups. They are very similar to the euglenoids
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in the ultrastructure of their chloroplasts and flagella
(Taylor 1976) and in possessing permanently condensed
chromosomes (Leedale 1968), and both resemble the
kinetoplastids in flagellar structure (Taylor 1976). The
mechanism of mitosis, at least as is occurs in the para-
sitic dinoflagellate Syndinium, is very similar to that
seen in the trichomonads and hypermastigids (Ris and
Kubai 1974; Hollande 1974). They resemble the chro-
mophyte algae (golden brown, brown algae and diatoms)
in the occurrence of c—chlorophyllide, acetylenic xan-
thophylls and an extraplastidic reserve carbohydrate
(Taylor 1976; Ragan and Chapman 1978). These latter
features have generally resulted in the placement of di-
noflagellates on the chromophyte branch in a number of
protistan phylogenies which have beeen proposed (Cava-
lier—Smith 1975; Taylor 1976; Ragan and Chapman
1978); however, their many distinctive features such as
the lack of histones, the unique structure of their cell co-
vering and the mechanism of mitosis in the free-living
species earn them a very early divergence from this lin-
eage following its split from the chlorophyte (green
algae).

The order of divergence of the fungi and the various
flagellate groups with which the dinoflagellates show
affinities is disputed in these phylogenies. However,
flagellates are invariably placed higher on the eukaryotic
line leading from the prokaryotes than are the red algae.

which are almost universally believed to be the most
primitive eukaryotes. This is based on the absence in red
algae of flagella and centrioles and the occurrence of
phycobiliproteins in phycobilisomes as found elsewhere
only in the prokaryotic blue-green algae (Ragan and
Chapman 1978). Interestingly, red algal interphase
chromatin is typically decondensed (McDonald 1972)
as in nearly all eukaryotes, and there are indications of
histone-like basic chromosomal proteins (Duffus et al.
1973). If the latter can be substantiated, then the clas-
sical protistan phylogenies, like our own, will also imply
a secondary loss of histones in the dinoflagellates (e.g.
see Cavalier-Smith 1975). It has long been suggested
that the red algae and the higher fungi may be closely
related (see Demoulin (1975) for a recent discussion).
This would explain the primitive features of the latter

. mentioned above, in particular the absence of flagella

and centrioles, and would be consistent with both our
5S RNA phylogeny and the tRNA phylogeny reported
by Larue et al. (1979) which places Euglena gracilis
at the same position with respect to the higher eu-
karyotes, fungi, and prokaryotes as that occupied by
the dinoflagellates on our 5S tree. It must be noted
however, that the cytochrome c trees which have been
reported disagree with these phylogenies and place the
fungal divergence above that of the flagellates Euglena
gracilis and Crithidia oncopelti (Fitch 1976; Schwartz
and Dayhoff 1978). This could be due to any of the
following:

(1) the cytochrome c tree is in etror due to con-
vergence;
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(2) the prokaryotic cytochromes used in the tree
are not orthologous with the eukaryotic proteins;

(3) the 5S and tRNA trees are both affected by con-
vergence and agree either by accident or due to inter-
related functional constraints.
Only additional sequence determinations are likely to re-
solve this discrepancy. Of particular interest will be the
sequences of dinoflagellate tRNA and cytochrome ¢ and
Euglena 5S RNA.

Two aspects of dinoflagellate nuclear organization
deserve additional comment. First, it was originally
proposed that dinoflagellate mitosis is the most primitive
among all eukaryotes when it was not possible to detect
an association between the segregating chromosomes
and the extranuclear microtubules normally associated
with the dividing nucleus (Kubai and Ris 1969). It was
believed that the observed membrane attachments of
the chromosomes were solely responsible for their
movements, and that this was an indication of a close
relationship with the Prokaryota. Although this situation
is still reported for certain free-living species (Cachon et
al. 1979), ¢chromosome association with spindle micro-
tubules has been reported for a free-living Amphidinium
sp. (Oakley and Dodge 1974) and the parasitic dino-
flagellates Syndinium (Ris and Kubai 1974) and Oodi-
nium (Cachon and Cachon 1977). In the former, this
interaction appears to span the nuclear membrane while
in the latter two organisms it occurs at nuclear mem-
brane pores in a fashion very similar to that found in the
polymastigids. Thus, although the nuclear membrane
certainly plays a role in dinoflagellate mitosis, its im-
portance is not unusual among the protists. For exam-
ple, in the higher fungi, the membrane also persists
and is the locus of the spindle pole bodies which or-
ganize an entirely intranuclear spindle apparatus (Heath
1978). We feel it is not unreasonable to suggest that
dinoflagellate mitosis, at least as it occurs in the para-
sitic dinoflagellates, is intermediate between the com-
pletely closed mitosis of the fungi and the open mitosis
of higher eukaryotes, and that the peculiarities observed
in certain free-living dinoflagellate mitoses are reductive.
In fact, in Oodinium, the kinetochores undergo a reduc-
tive transition during the sporogenetic mitoses that
generate free-living swarmers from the ectoparasitic
plasmodium (Cachon and Cachon 1977).

The parasitic dinoflagellates are of additional interest
because two species of the family Syndiniaceae have
been reported to have typical amounts of basic chromo-
somal proteins, as indicated by histochemical analysis.
Moreover, they lack the typical fibrillar ultrastructure
of free-living dinoflagellate chromosomes, although the
chromatin is permanently consensed (Ris and Kubai
1974; Hollande 1974). In fact, even the latter feature
is not universal — in the dinoflagellates Oodinium,
Blastodinium and Noctiluca, chromatin condensation
exists only during sporogenesis (Cachon and Cachon
1977; Soyer 1971; Soyer 1972). These exceptions to
the peculiar nuclear features of most dinoflagellates

are consistent with our proposal that the typical free-
living state is not a primary one.

In conclusion, although it is clear from their fossil
record (Loeblich 1974) and the great diversity of their
form and function that the dinoflagellates are an ancient
group, the characteristics of their DNA sequence or-
ganization (Hinnebusch et al. 1980), the 5S RNA se-
quence, and the affinities they exhibit with other
flagellates argue that these are not the most primitive
of the eukaryotes, and that the absence of histones
in the free-living species is secondary. If this proposal
can be strengthened by additional molecular analysis
it will imply that at least among the protists, the his-
tone-associated subunit structure of eukaryotic chro-
matin may only serve the structural role of DNA packag-
ing and can be dispensed with entirely under special
circumstances.
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Appendix

Correction of the Difference Matrix for Multiple Substitutions
Assuming an Equal Probability of Transitions and Transversions.
For a particular site in the molecule, the probability that after
m mutations the site will be unchanged is the following:

where 1 Ao IU, IG, and IC are the probabilities that the site is
initially A, U, G, or C, respectively, and the P;i(m)s are the prob-
abilities that after m mutations, the particular site of type i is
unchanged. The quantity 1 — S(m) will be the probability that
a base change has occurred at the position in question, and
the product L(1 — S(m)) (where L is the molecule length)
will be the expected number of observed differences in the
molecule as a whole after m mutations. The problem is to
tabulate 1 — S(m) for each value of m, such that given the
number of observed differences between two sequences, one
can provide the corresponding value of m as a probabilistic
estimate of the number of underlying mutations that produced
this difference.

This problem can be solved by noting that the base changes
which occur at each site form a Markov chain. We can write
the probabilities Pij for a single-base change in the whole se-
quence in matrix form as follows:

A U G C
A[@L-D/L fuy/L foq/L fac/L
po U faulL L-DIL  fygl fyc/L
~ G| fgall fqul/L (L-D/L  fgolL
¢ |tcall foy/L fog/L (L - DL

where fij is the probability that a single base change occurring
anywhere in the molecule that begins with a base of type i will



arrive at a base of type j. fjj/L is the probability that, after a
single mutation, a particular site in the molecule which is of
type i, will be converted to a type j site, and (L — 1)/L is the
probability that the mutation will not occur at the particular
site in question. Markov theory states that after m mutational
steps. the probability of any given site existing in state j after
beginning in state i, the Pij(m) from above, will be the ijth ele-
ment of the matrix PM. Thus, to find the quantities PA A (m),
Pyy(m), etc., we raise the matrix P to the mth power and take
the left to right diagonal elements.

To incorporate an equal transition-transversion frequency,
we set foAG = fAC + fAU, fuc = fua + fug, etc. The values of
the Ijjs were set equal to one another at 0.25.

Interestingly, after generating a table of observed differences
(the 1 — S(m) values) versus expected mutational differences
(m) using this model, and comparing them with the comparable
values calculated from the Holmquist (1972) model (in which
all of the fijs are equal), it is found that the differences between
the two are very slight, at least for sequences of length 100-150.
For example, for a sequence length of 120, 71 observed dif-
ferences (the maximum number for the 5S RNA sequences con-
sidered in Chapter IV) implies 139 mutational differences using
the Holmquist correction and 143 using that derived here
(< 3% difference). The disparity between the two lessens as the
number of observed differences gets smaller, so that the above
example is the largest difference for the 5S RNA calculations.
For the 5.8S RNA sequences, where 77 was the greatest number
of observed differences between any of the sequences compared,
the difference in the two corrections is only about 4%. Thus,
whether we assume a mutational process in which transitions
are twice as favored as transversions, or that base-changes are
completely random in nature, will make no significant dif-
ference in the final results.
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