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Nucleotide Sequence of the Dictyostelium discoideum Small-Subunit 
Ribosomal Ribonucleic Acid Inferred from the Gene Sequence: 
Evolutionary Implications+ 

Robert McCarrol1,f Gary J. Olsen, Yvonne D. Stahl, Carl R. Woese,g and Mitchell L. Sogin* 

ABSTRACT: We have determined the TI  oligonucleotide catalog 
and the complete nucleotide sequence of the gene for the 
Dictyostelium discoideum small-subunit ribosomal RNA. The 
gene does not appear to contain an intron and has relatively 

%e deepest branchings within the eukaryotic line of descent 
are represented by members of the “kingdom” Protoctista.’ 
It has not been possible to infer consistent phylogenia for these 
simple eukaryotes by using classical taxonomic approaches, 
i.e., comparative studies of phenotypes. This, in part, is a 
consequence of the enormous physiological, cytological, and 
biochemical diversity within the group. 

Genealogical relationships between such diverse organisms 
can be inferred from comparisons of the amino acid or nu- 
cleotide sequences of functionally equivalent biopolymers 
(Zuckerkandl & Pauling, 1965). Analyses based upon amino 
acid sequence changes in cytochrome c (Fitch, 1 9 7 6 ;  
McLaughlin & Dayhoff, 1973), ferredoxin (Ysunobu & Ta- 
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low homology with other eukaryotic small-subunit rRNAs. 
The homology data indicate that D. discoideum diverged from 
the mainstream of eukaryotic descent at the earliest branch 
yet characterized by molecular phylogeny. 

naka, 1973; Rao & Hall, 1977; Rao & Cammack, 1981), 
superoxide dismutase (Asada et al., 1980; Fridovich, 1976; 
Lumsden & Hall, 1975), etc. have proven extremely useful 
in confirming, refining, and extending classical eukaryotic 
phylogeny, but sometimes they produce unconvincing junctions 
at the deepest phylogenetic levels where their limits as mo- 
lecular “chronometers” are approached. By comparison, the 
ribosomal RNAs seem to be better suited for revealing phy- 
logenetic relationships. They are universally distributed and 
are functionally equivalent in all cells. In addition, the size 
and the conservative nature of large portions of the 16-18s 
and 23-288 rRNAs permit the measurement of the largest 
phylogenetic distances (Stackebrandt & Woese, 198 1 ; Otsuka 
et al., 1983). Yet, other regions of the molecule change more 
rapidly, and this allows the measurement of close phylogenetic 
relationships. Finally, the sequence homology that exists 
between the rRNAs of the eukaryotes and both kingdoms of 
the prokaryotes permits the evaluation of relative rates of 

Membership in this division is “defined by exclusion: its members 
are neither animals (which develop from blastula), plants (which develop 
from an embryo), fungi (which lack undulipodia and develop from 
spores), nor prokaryotes” (Margulis & Schwartz, 1982). 

0 1983 American Chemical Society 
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evolution among all eukaryotic rRNA sequences. 
Evolutionary relationships inferred from 5s and 5.8s rRNA 

sequences (Olsen & Sogin, 1982), as well as comparisons of 
the small-subunit rRNA T, oligonucleotide catalogs (see be- 
low), indicate that the earliest divergence from the mainstream 
of eukaryotic descent yet characterized by molecular phylogeny 
is represented by Dictyostelium discoideum. This finding is 
further corroborated by comparisons of the primary structure 
of putative tryptophan tRNA (Peffley & Sogin, 1981) and 
valine tRNA genes from D. discoideum with homologous 
tRNAs from other eukaryotes (M. L. Sogin, unpublished 
data). Because of the considerable statistical uncertainty of 
comparisons between 5s and 5.,8S rRNA sequences (which 
is due to their small number of independently varying positions 
and paucity of "functional domains"), it is necessary to confirm 
independently the inferred genealogical relationships. Pairwise 
comparisons of the small-subunit ribosomal RNA (srRNA) 
can be used to determine more reliable homologies because 
these molecules are large (ca. 1470-2000 nucleotides) and 
contain numerous functional domains. 

We have determined the TI oligonucleotide catalog of the 
D. discoideum 17s ribosomal RNA and the complete nu- 
cleotide sequence of its gene. The gene does not appear to 
contain an intron, and as with the other RNAs that are integral 
components of the cytoplasmic translation apparatus, the most 
divergent of the characterized eukaryotic small-subunit ribo- 
somal RNA sequences is that of D. discoideum. The diver- 
gence represented by D. discoideum reflects an early branching 
in the eukaryotic line of descent rather than a "fast" evolu- 
tionary clock. 

Experimental Procedures 
Materials. Restriction enzymes were purchased from New 

England Biolabs. Terminal transferase and cordycepin [a- 
32P] triphosphate were purchased from New England Nuclear. 
EcoRI endonuclease was isolated as described by Greene et 
al. (1 974), omitting the DEAE-cellulose step. Polynucleotide 
kinase was isolated from bacteriophage T4 am E4314 infected 
Escherichia coli as described by Uhlenbeck & Cameron 
(1977). Carrier-free [y-32P]ATP was prepared by using the 
procedures of Reeve and Huang (Johnson & Walseth, 1978). 
Low gel temperature agarose and Bio-Gel agarose beads were 
purchased from Bio-Rad Laboratories. 

Growth and Labeling of Cells. Unlabeled RNA was iso- 
lated from whole cells of D. discoideum strain Ax3 grown in 
HL5 + 1% glucose (Cocucii & Sussman, 1970). RNA labeled 
in vivo with 32P was isolated from cells grown in phosphate- 
depleted Mes-HL5 + 1% glucose containing 0.1 mCi/mL 
H332P04 (ICN) (Olsen & Sogin, 1982). 

Cloning. D. discoideum nuclear DNA was prepared as 
previously described and inserted into the EcoRI site of 
plasmid pMB9 (Sogin & Olsen, 1980). Recombinant plasmids 
carrying the tetracycline-resistance gene were used to trans- 
form the tetracycline-sensitive host E.  coli HBlOl. Clones 
were grown on tetracycline-containing L-agar and screened 
for ribosomal RNA genes by using a slight modification of 
the colony-hybridization technique (Grunstein & Hogness, 
1975). Ribosomal RNA coding sequences were located by 
incubating the colony-hybridization filters with in vitro 32P- 
labeled 17s or 25s rRNA probes in 5X SSC,2 50% deionized 

Abbreviations: SSC, 0.15 M NaCl and 0.015 M sodium citrate; 
SDS, sodium dodecyl sulfate; Bis, A',"-methylenebis(acry1amide); E 
buffer, 40 mM Tris-acetate, pH 7.0, and 1 mM EDTA; Tris, tris(hy- 
droxymethy1)aminomethane; EDTA, ethylenediaminetetraacetic acid; 
Mes, 4-morpholineethanesulfonic acid. 

formamide, and 0.5% SDS at 42 OC for 16 h. The filters were 
washed 30 min in hybridization buffer at 42 OC, which was 
followed by two 30-min washes in 2X SSC at room temper- 
ature. Colonies capable of hybridizing with the 32P-labeled 
rRNA probe were identified by autoradiography with inten- 
sifying screens at -70 OC. All work was carried out under 
P2-EKl containment conditions. 

Preparation of Ribosomal R N A  Hybridization Probes. 
Total cytoplasmic RNAs were isolated as previously described 
(Sogin & Olsen, 1980) and were fractionated by electropho- 
resis through 2.8% polyacrylamide-SDS gels (Bis to acryl- 
amide ratio 1:20) in E buffer. The regions of the gel containing 
17s- and 25s-sized RNA were located by the "UV shadowing" 
technique (Hassur & Whitlock, 1974). The regions of the gel 
containing the 17s and 25s rRNAs were excised, and the 
RNA was subjected in situ to partial alkaline hydrolysis, in 
50 mM NaHC03, pH 9.0, at 90 OC for 80 min. Subsequent 
to elution from the gel and concentration by ethanol precip- 
itation, the fragments were labeled in vitro with polynucleotide 
kinase and [ T - ~ ~ P ] A T P  (Maxam & Gilbert, 1980). 

Plasmid DNA Isolations and Preparation of DNA Frag- 
ments. Plasmid DNA was isolated on cesium chloride-ethi- 
dium bromide gradients as described by Maniatis et al. (1982). 
Whenever possible, uniquely sized, labeled DNA restriction 
fragments were fractionated in agarose bead columns equil- 
ibrated in 50 mM Tris (pH 7.2), 0.5 mM NaOAc, and 1 mM 
EDTA. Fractions containing the DNA were pooled and 
concentrated by ethanol precipitation. When labeled re- 
striction fragments could not be resolved on the agarose bead 
columns, fragments greater than 300 nucleotides were isolated 
by fractionation in 0.75 or 1.5% low gel temperature agarose 
slab gels built in E buffer. Subsequent to electrophoresis, the 
region of the gel containing the DNA fragment, as identified 
by UV shadowing or autoradiography, was excised and placed 
in a vial containing 5 volumes of 20 mM Tris-acetate (pH 8.0) 
and 1 mM EDTA. The gel was melted by heating to 65 "C 
and extracted with H20-saturated phenol equilibrated with 
20 mM Tris-acetate (pH 8.0) and 1 mM EDTA. The aqueous 
fractions containing the DNA fragment were extracted with 
ether and concentrated by ethanol precipitation. DNA frag- 
ments smaller than 300 nucleotides were isolated on 4-8% 
polyacrylamide gels. 

DNA Sequencing. Restriction fragments labeled at their 
5'-termini with [y-32P]ATP and polynucleotide kinase (Maxam 
& Gilbert, 1980) or at their 3'-termini with cordycepin [a- 
32P]triphosphate and terminal transferase (Tu & Cohen, 1980) 
were restricted with a second enzyme and refractionated on 
agarose bead columns, agarose gels, or polyacrylamide gels. 
The resulting DNA fragments labeled at one end were se- 
quenced according to the chemical procedures of Maxam & 
Gilbert (1980). The hydrazine reaction in the presence or 
absence of 1 M NaCl was used for site-specific cleavage of 
dCyd and dCyd plus dThd. The dimethyl sulfate reaction was 
used for dGuo-specific chemistries. Alkali treatment at 90 
OC was used for the dAdo and dCyd cleavage. KMn04 was 
used for dThd- plus dGuo-specific cleavage (Rubin & Schmid, 
1980). The products of the sequencing reactions were resolved 
on 25, 20, 8, or 5% gels (Air et al., 1976). The sequencing 
strategies are displayed in Figure 1. 

RNase T ,  Oligonucleotide Cataloging. Ten micrograms 
of  in vivo labeled 17s rRNA was digested with 1 pg of RNase 
T,. The products were separated by two-dimensional fin- 
gerprinting (Sanger et al., 1965). The compositions and se- 
quences of the oligomers were determined by electrophoretic 
analysis of the RNase U2, RNase A, and RNase T I  over- 
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FIGURE 1: Restriction map and sequencing strategies used to determine DNA sequence of D. discoideum small-subunit ribosomal RNA gene. 
The region defining the D. discoideum small-subunit rRNA resides within contiguous 2.7- and 4.75-kb EcoRI restriction fragments. The cleavage 
sites for various restriction endonucleases were determined by a combination of single and double digests or by partial digestion of asymmetrically 
labeled restriction fragments. Solid arrows indicate the extent of sequence data read from a particular restriction site with 5’-end-labeled fragments. 
Dashed arrows indicate the extent of sequence data read from a particular restriction site with 3’-end-labeled fragments. 

cutting products (Uchida et al., 1974). 

Results 
The D. discoideum ribosomal DNA genes are reiterated 

approximately 200-fold. The rDNA repeat units are 44 ki- 
lobases in length and are arranged as nonchromosomal pal- 
indromic dimers (Cockburn et al., 1978). The entire small- 
subunit rRNA coding region resides within contiguous 2.7- 
and 4.75-kb EcoRI restriction fragments (Cockburn et al., 
1976; Maizels, 1976; Sogin & Olsen, 1980). A detailed re- 
striction map of the 17s  rRNA coding region (Figure 1) was 
derived via agarose and acrylamide gel analyses of single and 
double restriction endonuclease digestions, as well as single 
enzyme digests of purified restriction fragments labeled at their 
termini with [y3*]ATP. 

Sequence Analysis of rDNA. The protocols of Maxam & 
Gilbert (1 980) were used to sequence asymmetrically labeled 
restriction fragments. The strategies employed are summa- 
rized in Figure 1. Of the 1875 nucleotides, 1873 were un- 
ambiguously identified. The two unidentified residues lie 
within regions that are conserved in all eukaryotic small- 
subunit rRNA sequences. If the numbering system for the 
aligned sequence displayed in Figure 2 is used, position 6 10 
is a purine and, by homology with other eukaryotic sequences, 
is probably a G residue. Similarly, position 632 is likely to 
be an A residue. The completed primary structure, deduced 
from the sequences of overlapping restriction fragments, is 
shown in Figure 2 aligned with the small-subunit ribosomal 
RNA sequences from Saccharomyces cereuisiae (Rubstov et 
al., 1980), Xenopus laeuis (Salim & Maden, 1981), E .  coli 
(Brosius et al., 1978), Zea mays chloroplast (Schwartz & 
Kossel, 1980), Halobacterium uolcanii (Gupta et al., 1983), 
and the Aspergillus nidulans mitochondrion (Kiintzel & 
Kiichel, 1981). 

RNase T I  Oligonucleotide Analysis. The sequence of the 
D. discoideum small-subunit rRNA coding region was verified 
by comparing it with the 17s rRNA TI oligonucleotide catalog 
(previously determined). (The oligonucleotide sequences, 
molar yields, and locations within the aligned D. discoideum 

sequence displayed in Figure 2 are provided in the supple- 
mentary material. See paragraph at end of paper regarding 
supplementary material.) The compositions and molar yields 
for the oligonucleotides are in substantial agreement with the 
DNA sequence. Therefore, it appears that there are no introns 
within the coding region and that the DNA sequence does not 
represent a “pseudogene”. 

Correlation of the oligonucleotide catalog with the complete 
d i n g  sequence permits the placement of most of the modified 
residues in the D. discoideum small-subunit rRNA. We have 
listed the T, oligonucleotide sequences that contain modified 
residues and their locations within the aligned D. discoideum 
sequence displayed in Figure 2. We have positioned nine of 
the thirteen 2’-O-methylated residues (Table I). Five of the 
%‘-Omethyl group locations (positions 29,470, 640, 68 1, and 
1544) are identical with methylation sites in X .  laeuis 18s 
rRNA. (There are 34 2’-O-methyl residues in the X .  laeuis 
srRNA.) Additional modifications that were found at anal- 
ogous positions in other species include (1) two N6-dimethyl-A 
residues at positions 1956 and 1957 (these modifications have 
been found in all srRNAs exclusive of the organellar rRNAs), 
(2) an unidentified U modification (position 1267) in a highly 
conserved region of the srRNA [Rhodosporodium toruloides, 
Blastocladiella emersonni (M. L. Sogin and C. R. Woese, 
unpublished data), and Lemna (C. R. Woese and T. Dyer, 
unpublished data) also have an unidentified U modification 
at the analogous site. In X .  laevis, the modification has been 
determined to be an N-acetylpseudouridine (Salim & Maden, 
1981).], (3) an unidentified A modification at position 1744 
(Lemna has an A modification at position 1744 or 1745), and 
(4) a modified A residue at either position 506 or 507 (The 
altered mobility of the predicted RNase A digestion product, 
AAU, is similar to AAC and, hence, must reflect a modifi- 
cation of one of the A residues. R .  toruloides has a modified 
residue at position 506. The analogous site in X .  laeuis is 
adjacent to a 2’-O-methylation.). Other modifications include 
a presumptive N-acetylcytosine at position 1949, a pseudo- 
uridine at position 1073, pseudouridine residues in the oligo- 
nucleotides P G  and (P,U)G (positions not determined), and 
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Table I: Terminal and Modified RNase T, Oligonucleotides of 
the D. discoideum Small-Subunit rRNA 

oligomera locationb 

termini 
pUAACUG 

C-2’-O-mAG 
A-2’-O-mCG 
2‘-O-mGUG 
2‘-O-mUG 
*G 
W,*G 
N*CCG 
A W A G  
m:Am:ACCUG 
CA AUAAC-2'4-mAG 
ACU*CAACUCG 
UAUC-N-acCG 
UU-2‘-O-mAAAAAG 
UCUCA-2'4-m AAG 
AAACUUA-2’-O-mAAG 
UCAU-2‘-O-mAUG 
2’-O-mUAAUUCCAG 
AUUC-2’-O-mUAUAAG 
A* AUUCCUUG 
C-2'6-m AAAUUACUCAAUCCCAAUACG 
AAUUAAAAC(U,2’-O-mUC)UUAG 
AC,(A,A*)U,AAAU,AU,C,AAU, 

AC,C,U,AU,C,C,U,U,U,U,U,G 

AUCAUUUN~H 
modified oligomersC 

6 
1969 

nd 
nd 
nd 
nd 
nd 
nd 
nd 

1072 
1956 
1585 
1265 
1944 
679 

40 
1207 

29 
640 

1335 
1744 
470 

1533  
5 04 

a Oligonucleotide sequences were determined as described under 
Experimental Procedures. Each oligomer occurs once per mole- 
cule. Locations are in the aligned numbering system of Figure 
2. \Ir, pseudouridine; *, unidentified modification. nd, not 
determined. 

an uncharacterized modification in the oligonucleotide NCCG 
(position not determined). 

Homology Calculations. Because there are large variations 
in the lengths of the small-subunit rRNAs, it is necessary to 
align their sequences before meaningful homologies can be 
computed. Rather than relying only upon primary structures 

to quantitatively construct best fit alignments, we have used 
an algorithm that considers both primary and “phylogenetically 
proven” secondary structures (a helix is considered to be 
phylogenetically proven if it is found in a significant number 
of srRNAs and if its formation is independent of absolute 
primary structure conservation; several compensating base 
changes must be found that maintain helical structure) (Noller 
& Woese, 1981). Initially, the sequences were aligned ac- 
cording to primary structure. The locations of evolutionarily 
conserved secondary structures were then used to align se- 
quences where length variation occurred. The differences in 
sequence lengths were compensated by appropriate nucleotide 
gaps. This method has the advantage of taking into account 
the biological relevance of helical structures that are phylo- 
genetically conserved. 

The pairwise homologies between representative small- 
subunit rRNAs are presented in Table 11. We have tested 
a variety of techniques for calculating homologies between 
aligned sequences from various organisms. All methods 
generated similar results. The homology values presented in 
the upper right portion of Table I1 represent pairwise com- 
parisons of all homologous nucleotide positions. A weighting 
factor of 0.5 was used where insertions or deletions were re- 
quired for aligning the compared molecules (a maximum of 
five adjacent insertions or deletions was considered). This 
treatment prevents large gaps (which could represent a single 
event in evolution) from dominating the homology estimate. 
Thus, the homologies were calculated as 

homology = match positions/ [match positions + 
mismatch positions + (0.5)gapsI 

The pairwise homology values were converted into 
“evolutionary distances” (average number of base changes per 
sequence position) according to Hori & Osawa (1979). These 
distances were converted into phylogenetic trees where the 
segment lengths were assigned to minimize the mean square 
standard deviation (using the Hori and Osawa measure of 
variance) of the tree path lengths, relative to the pairwise 

Table 11: Homologies between Small-Subunit rRNA Sequencesa 

fractional homology with 

chloroplasts mitochondria 

organism b X.I. S.C. D.d. H.v. E.c. E.g. C.r. Z.m. human mouse P.a. S.C. A.n. 
X .  laevis 
S. cerevisiae 
D. discoideu m 
H. volcanii 
E. coli 
E. gracilis chl 
C. reinhardii chl 
Z .  mays chl 
human mito 
mouse mito 
Paramecium aurelia 
S. cerevisiae mito 
A: nidulans mito 

0.77 0.68 0.50 0.48 0.46 0.46 0.47 0.39 0.40 0.38 0.38 0.37 
0.89 0.71 0.51 0.49 0.47 0.48 0.47 0.40 0.40 0.40 0.40 0.38 
0.86 0.87 0.51 0.49 0.48 0.48 0.47 0.40 0.41 0.40 0.42 0.41 
0.63 0.64 0.63 0.59 0.59 0.60 0.61 0.45 0.45 0.45 0.43 0.44 
0.60 0.59 0.60 0.68 0.72 0.75 0.75 0.45 0.44 0.50 0.48 0.49 
0.60 0.60 0.60 0.68 0.84 0.77 0.79 0.45 0.46 0.52 0.48 0.50 
0.58 0.60 0.60 0.68 0.84 0.88 0.82 0.43 0.43 0.49 0.47 0.49 
0.58 0.59 0.60 0.69 0.85 0.90 0.90 0.45 0.46 0.49 0.47 0.49 
0.43 0.45 0.44 0.50 0.50 0.51 0.49 0.51 0.76 0.44 0.40 0.42 
0.44 0.44 0.44 0.50 0.50 0.52 0.49 0.51 0.79 0.43 0.43 0.42 

mito 0.50 0.51 0.52 0.55 0.64 0.64 0.63 0.62 0.47 0.46 0.46 0.47 
0.49 0.49 0.50 0.53 0.60 0.59 0.59 0.59 0.44 0.46 0.55 0.54 
0.46 0.45 0.49 0.49 0.60 0.58 0.58 0.58 0.46 0.45 0.57 0.62 

a The upper right half of the table gives the fraction of homologous positions containing identical nucleotides for all pairs of aligned small- 
subunit rRNA sequences. The internal length variation has been treated by scoring locations with a deletion in one sequence opposite a 
nucleotide in the second sequence as half a mismatch. When both sequences in the pair have deletions at the same location, the posftion was 
not counted. A maximum of five adjacent insertions or deletions was considered. The lower left half of the table contains the fractional 
homologies between pairs of sequences when the analysis is limited to the summation of conserved and semiconserved sequences in the small- 
subunit rRNAs. With the numbering system in Figure 2, these regions correspond to  nucleotides 945,355-573,606-694,938-1107, 
1184-1299,1348-1416,1582-1641,1701-1816, and 1929-1980. * Sequence data from X .  laevis (Salim & Maden, 1981), S. cerevisiae 
(Rubtsov et al., 1980), H. volcanii (Gupta et al., 1983), E. coli (Brosius et al., 1978), E. gracilis chloroplast (Graf et al., 1982), C. reinhardii 
chloroplast (Dron et al., 1982), 2. mays chloroplast (Schwarz & Kossel, 1980), human mitochondrion (Eperon et al., 1980), mouse mito- 
chondrion (Van Etten et al., 1980), P. aurelia mitochondrion (J. J. Seilhamer, unpublished data), S. cerevisiae mitochondrion (Sor & 
Fukuhara, 19801, and A. nidulans mitochondrion (Kuntzel& Kochel, 1981). 
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FIGURE 2: Sequence of D. discoideum small-subunit ribosomal RNA coding region aligned with other small-subunit rRNAs. The sequence 
of the D. discoideum small-subunit rRNA is shown aligned with those from X .  laeuis (Salim & Maden, 1981), S. cereuisiae (Rubtsov et al., 
1980), H .  uolcanii (Gupta et al., 1983), E. coli (Brosius et al., 1978), Z. mays chloroplast (Schwarz & Kijssel, 1980), and A. niduluns mitochondrion 
(KJntzel C Kochel, 1981). The D. discoideum sequence was determined as described under Experimental Procedures by using the sequencing 
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strategies depicted in Figure 1. Initially, the small-subunit sequences were aligned according to primary structure. The locations of evolutionarily 
conserved secondary structures were then used to refine the alignment where length variation occurred. The differences in sequence length 
were compensated by introducing appropriate gaps (-) in the sequences. A numbering system for the aligned sequences, as well as numbering 
systems for each sequence, is provided in the figure. 
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A. 

Creinhardii chl. 

.16 human mt. 
.I 4 mouse mt. { I  \- 

“??--I\ -p.auretia mt. 
S.cereviriae mt. 

A.nidulans mt. 

B. 
S.cerevisiae 

D.discoideum 
r, H.volcanii 

E.gracilis chl. - C.reinhardii chl. 

.12 

S.cerevisiae mt. 

Amidulans mt. 

.human 
-mouse 

mt. 
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FIGURE 3: Phylogeny of small-subunit ribosomal RNA sequences. Phylogenetic trees were inferred by using the homology data in Table I1 
for the entire small-subunit rRNA (panel A) or the summation of conserved and semiconserved regions (panel B). The trees were constructed 
as described under Results. The evolutionary distance between nodes of the tree is given alongside the segment connecting them and is represented 
in the horizontal component of their sepaiation in the figure. 

distance data. (We arrive at very similar results by minimizing 
other measures of error, in particular, the mean square frac- 
tional difference between the tree paths and the distance data.) 
This method was used to infer the phylogenetic tree in Figure 
3A from comparisons of complete small-subunit ribosomal 
RNA sequences. This phylogeny confirms the genealogical 
relationships derived from the 5.8s rRNA homologies; D. 
discoideum is seen to diverge from the mainstream of euka- 
ryotic descent at  the earliest branch yet characterized by 
molecular phylogeny. 

Only a minimal phylogenetic framework for the eukaryotes 
can be constructed from the limited data base of complete 
small-subunit rRNA sequences and TI oligonucleotide cat- 
alogs. Quantitative phylogenies among the eukaryotes could 
be constructed more rapidly if the sequence analyses under- 
taken were restricted to selected portions of the small-subunit 
rRNA. Comparisons of aligned small-subunit ribosomal RNA 
sequences, as well as the TI oligonucleotide catalogs repre- 
senting over 200 prokaryotic organisms (Fox et al., 1980), 
reveal the existence of “universal” and “eukaryote-specific” 
sequences (regions that are conserved among all organisms 
or all eukaryotes, respectively), “semiconserved” sequences 
(regions of intermediate conservation), and “nonconserved” 
sequences (regions that display very high rates of genetic drift). 
In Figure 4, the sequence homologies between three eukaryotic 
ribosomal RNAs are plotted as a function of nucleotide pos- 
ition. This representation of the homology data reveals the 
interspersion of several conserved and semiconserved sequences 
among the nonconserved regions within the srRNAs. Inter- 
spersion of conserved and semiconserved among nonconserved 

1.00 r 

500 1000 1500 2000 

NUCLEOTIDE POSITION 
FIGURE 4: Pattern of sequence conservation in eukaryotic small-subunit 
ribosomal RNAs. Pairwise homologies for 100 nucleotide segments 
along the length of aligned eukaryotic srRNAs in Figure 2 were 
calculated as described under Results. Homologies for overlapping 
segments were plotted at increments of 50 nucleotides for X .  laevis 
vs. S. cerevisiae (solid line), D. discoideum vs. X. laevis (dotted line), 
and D. discoideum vs. S. cereuisiae (dashed line). 

regions has also been reported for 23-288 rRNAs (Otsuka 
et al., 1983). The conserved sequences are essential for es- 
tablishing meaningful alignments between small-subunit 
rRNAs but are not sufficient for constructing molecular 
phylogenies; because of a lack of sequence variation, the 
conserved regions do not contribute information about se- 
quence divergence. The high rates of nucleotide substitutions 
in the nonconserved regions diminish their value in the con- 
struction of molecular phylogenies involving distantly related 
organisms, but they are valuable for quantitating very close 
genealogical relationships. Semiconserved regions may be used 
in pairwise sequence comparisons when inferring phylogenies 
if (1) they display statistically significant variation, (2) their 
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A. 

D.discoideum 

human ml 1 7  

mouse mt. 10 

2 3 S . c e r e v i s i a e  mt. 

Anidulans mt. 

.13 human mt. 
13 mouse mt. 

Scerevisiae mt. 

A.nidulans mt. 

D.discoideum 

Os humanmt. 4 5  

-mouse 10 mt. 

Scerevisiae mt. 
A.nidulans mt. 

FIGURE 5 :  Phylogenetic relationships derived from comparisons of partial srRNA sequences. Homologies for conserved and semiconserved 
sequences in three regions of the srRNAs were determined and used to infer phylogenetic trees as described under Results. By use of the aligned 
numbering system in Figure 2, the trees were constructed from regions 355-573 plus 606-694 (panel A), 938-1 107 plus 1184-1299 (panel 
B), and 1582-1641 plus 1701-1816 (panel C). The evolutionary distance between nodes of the tree is given alongside the segment connecting 
them and is represented in the horizontal component of their separation in the figure. 

average rate of nucleotide substitution is consistent with that 
of the entire molecule, (3) they can be aligned with analogous 
eukaryotic and eubacterial sequences, and (4) they span a 
statistically significant number of independently variable nu- 
cleotide positions (200-400). To test the validity of using 
partial rRNA sequences for phylogenetic analyses, we have 
compared the phylogenetic tree based upon complete sequences 
with one derived from the summation of conserved and sem- 
iconserved regions (ca. 850 nucleotides). The homology values 
presented in the lower left portion of Table I1 represent 
pairwise comparisons of the homologous conserved and sem- 
iconserved nucleotide positions. These comparisons were used 
to construct the phylogenetic tree in Figure 3B as described 
above. Although the two trees in Figure 3 display identical 
branching patterns, the mean square standard deviation of the 
tree path lengths relative to the pairwise distance data (and, 
hence, the statistical accuracy of the tree) is improved when 
the regions of extensive structural variation are excluded. 

We have also examined the possibility of inferring phylo- 
genetic relationships from only a few of the conserved and 

semiconserved regions in the small-subunit rRNAs. Figure 
5 displays trees inferred from three regions of semiconserved 
sequence (referred to as regions I, 11, and 111; see Figure 5 
legend). The phylogenies deduced from sequence regions I 
and I1 agree with those inferred from the complete sequences. 
The rearrangement of the chloroplast branching order in the 
tree inferred from region I11 reflects statistical fluctuation in 
the local sequence homologies (two changes in 170 nucleotides 
defined by this region are sufficient to cause this rearrange- 
ment). Similarly, the rearrangement of mitochondrial 
branching order is minor. In general, however, this analysis 
supports the notion that reliable phylogenies can be inferred 
from small-subunit rRNA homology computations that are 
restricted to conserved and semiconserved sequences. 

Discussion 
Homology Analyses. A homology matrix for the complete 

small-subunit rRNAs as well as the summation of conserved 
and semiconserved srRNA regions is presented in Table 11. 
It can be seen that the homologies of the D.  disoideum se- 
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quence with those of X .  laevis and S .  cerevisiae, are low, 
relative to the X .  Iaevislyeast values. This observation of a 
low homology of the D. discoideum sequence with other eu- 
karyotes is reinforced by the T I  oligonucleotide analyses of 
the small-subunit rRNAs from B. emersonii (M. L. Sogin and 
C. R. Woese, unpublished data) and Lemna (C. R. Woese and 
T. Dyer, unpublished data). The simplest interpretation of 
these data is that D. discoideum diverged from the mainstream 
of eukaryotic descent well before the branching of the Ani- 
malia, Fungi, and Plantae. (Comparisons of the Lemna T I  
oligonucleotide catalogs with other eukaryotic small-subunit 
rRNA sequences indicate that the radiation of plants occurred 
approximately at  the same time as the animal-fungal arbor- 
ization.) This interpretation is consistent with the generally 
low homologies between the 5s rRNA, 5.8s rRNA, and 
tRNA sequences of D .  discoideum and those of other euka- 
ryotes. 

An examination of the available ribosomal RNA sequence 
data failed to identify other protoctists that might represent 
an earlier branching. Comparisons of the small-subunit rRNA 
T I  oligonucleotide catalogs places B. emersonii near the yeast. 
Molecular phylogenies inferred from the 5.8s rRNA sequences 
also group Tetrahymena pyriformis (Fujiwara & Ishikawa, 
1982) and Acanthamoeba castellanii (MacKay & Doolittle, 
1981) with the Fungi. The 5.8s rRNA sequences of Cryp- 
thecodinium cohnii (Hinnebusch et al., 1981), Physarum 
polycephalum (Otsuka et al., 1982, 1983) and Crithidia 
fasciculata (Schnare & Gray, 1982) indicate that those or- 
ganisms represent branchings that are slightly deeper than that 
represented by T.  pyriformis; this level of branching is com- 
parable to the radiation of the Animalia, Fungi, and the 
Plantae (Olsen, 1983). 

The low homology of the D.  discoideum small-subunit 
rRNA sequence with those of other eukaryotes could represent: 
(1) a rapid rate of evolutionary drift (a fast evolutionary clock), 
(2) convergent evolution in the rRNAs of other eukaryotes, 
or (3) the earliest branching known in the eukaryotes. The 
divergence of the D. discoideum sequence does not represent 
a fast evolutionary clock. By comparison with a very distantly 
related organism, e.g., E.  coli, it is possible to identify altered 
”clock speeds”. If a sequence is subject to an aberrant clock 
speed, its divergence from a distantly related sequence will 
differ from the divergence of close relatives and the distantly 
related control sequence; the higher the mutation rate for a 
given sequence, the greater the divergence from a distantly 
related sequence. As can be seen from Table 11, the homology 
between E .  coli or H .  volcanii and D. discoideum is similar 
to the homology between the other eukaryotic sequences and 
E .  coli or H .  volcanii. This theme is echoed by the phylo- 
genetic trees in Figures 3 and 5. Phylogenetic trees are more 
revealing than raw homology data because they integrate the 
data for all pairs of sequences. The trees, whether inferred 
from complete sequences or various regions of conserved and 
semiconserved sequence, consistently represent the D. dis- 
coideum srRNA a d  slightly less divergent from those of the 
prokaryotes than are the S.  cerevisiae and X .  laevis sequences. 
Consequently, the data are most consistent with D. discoideum 
being the deepest branching of these eukaryotes. On the other 
hand, the divergence of the mitochondrial sequences is con- 
sistent with relatively fast clock speeds; they have diverged 
more from the eukaryotes than have the other eubacterial 
sequences. 

The potential effects of sequence convergence upon the 
reliability of molecular pliylogenies is a recurring question. 
Simple metabolic f1,nctions may have arisen independently 

more than once, but there is no evidence that selection of a 
biochemical capability results in the selection of a particular 
nucleotide or amino acid sequence. Indeed, there are numerous 
examples where functionally equivalent macromolecules show 
no statistically significant sequence homology. For example, 
the three-dimensional structure and subunit composition of 
the vertebrate photoreceptor protein rhodopsin is very similar 
to that of bacterial rhodopsin (Dratz & Hargrave, 1983). Both 
proteins contain seven transmembrane helices and form similar 
types of photoproducts. Sequence comparisons of these pro- 
teins fail to reveal meaningful structural homologies. Another 
example can be drawn from the serine proteases, which have 
been extensively studied in both prokaryotes and eukaryotes. 
In many cases, they have similar three-dimensional structures 
and are functionally equivalent, but their primary structures 
are completely unrelated (Kraut, 1977). Whether this se- 
quence diversity represents extreme divergence from a common 
ancestral sequence or functional convergence of independent 
sequences is irrelevant. In either case, functional selection does 
not result in sequence convergence. 

Convergence within a given molecular phylogeny can be 
detected by comparison with phylogenetic trees that have been 
derived from functionally independent markers. If the trees 
are nearly identical, they must reflect divergent evolution from 
a common ancestor; it is improbable that multiple, functionally 
independent traits would converge at  the same rate during 
evolution. Similarly, comparisons of phylogenies derived from 
several, independently variable functional domains of a single 
macromolecule can be used to detect convergence. The 
small-subunit rRNA contains numerous functional domains, 
distributed throughout the length of the molecule. As pointed 
out above, phylogenies inferred from different portions of the 
molecule (which almost certainly represent different functional 
domains), as well as phylogenies inferred from other compo- 
nents of the translation apparatus, are consistent with each 
other. Therefore, the deep divergence of the D. discoideum 
rRNA sequences is not a consequence of convergent evolution. 

The methods used for constructing the phylogenetic rela- 
tionships displayed in Figures 3 and 5 produce “unrootedn 
trees. The total trees can be viewed as collections of subtrees 
whose geometries are defined by sequence homologies within 
groups of “closely related” organisms. The root of each subtree 
is then determined by sequence comparisons of organisms 
within that subtree to one or more organisms that are known 
(by other criteria) to lie outside of the ~ubt ree .~  We have used 
several prokaryotic small-subunit rRNA sequences in the 
present analysis as “outside references” for establishing the 
root of the eukaryotic subtree. This analysis leads to the 
conclusion that the earliest branching within the eukaryotic 
subtree is that represented by D .  discoideum. Similarly, we 
conclude that the mitochondria represent the deepest char- 
acterized branching within the eubacterial line of descent; the 
node corresponding to this branching is the eubacterial node 
closest to the eukaryotic subtree. The H .  volcanii sequence 
is a representative of the archaebacterial line of descent and, 
as previously shown (Gupta et al., 1983), lies outside of both 
the eukaryotic and the eubacterial subtrees. 

Since there is no known line of descent to serve as an outside 
reference for the branching of the three fundamental lines of 
descent, the archaebacteria, the eubacteria, and the eukaryotes 
(a condition that always holds for the deepest branching of 

This description is intended to qualitatively explain the use of outside 
“reference” sequences. In practice, all tree segment lengths are evaluated 
simultaneously, and the relationships between sequences in different 
subtrees do influence the structure within the subtrees. 
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a phylogeny), there is no objective method for placing the root 
of the total tree. In the absence of a rationale for doing 
otherwise, the common ancestor to these has been arbitrarily 
placed so that the distance from the ancestor to the contem- 
porary organisms is similar for the eukaryotic and eubacterial 
lines of descent. The resulting diagrams show th’e eukaryotes 
diverging prior to the separation of the two prokaryotic 
kingdoms from each other. This affiliation of the eubacteria 
and the archaebacteria was not detected in comparisons of TI 
oligonucleotides (Woese & Fox, 1977) due to the lower res- 
olution of the catalogs relative to complete sequence infor- 
mation. 

The endosymbiotic theory for the origins of eukaryotic cells 
postulates that the chloroplasts and mitochondria arose from 
symbiotic relationships involving ancestral eukaryotes and early 
prokaryotes (Margulis, 1981).4 Although there also is evi- 
dence for polyphyletic origins of nuclear genes, it appears that 
the nuclear-defined ribosomal RNAs are derived from a 
common ancestor, termed the ancestral “urkaryote” (Woese 
& Fox, 1977). This view is consistent with the trees in Figure 
3, which include three distinct “eukaryotic” lines of descent, 
the chloroplast, the mitochondrion, and the urkaryote. Several 
features of the tree are significant in this respect. The radiation 
of the chloroplasts is well represented in the tree, and there 
are no substantial evolutionary gaps since the divergence of 
this group from the E. coli line of descent. Although the data 
are consistent with a monophyletic origin, the chloroplast 
radiation cannot be compared with that of the corresponding 
eukaryotes until their nuclear-defined, small-subunit rRNA 
sequences are determined. 

The available mitochondrial srRNA sequences also appear 
to be monophyletic. We arrive at this same conclusion using 
a variety of sequence-alignment and homology-computation 
techniques. Although different sequence alignments were 
employed and our analyses included a greater number of 
positions, the differences between our conclusions and those 
of Kiintzel & Kochel (1981) that mitochondria are polyphy- 
letic probably reflect differences in the effect of fast evolu- 
tionary clock speeds upon the methods of tree construction. 

If mitochondria are of monophyletic origin, then there 
should be a direct correspondence of the branching points in 
the mitochondrial and urkaryotic subtrees. In particular, the 
node at which yeast and X.  laevis diverge (the animallfungal 
division) in the urkaryotic tree corresponds to the node at 
which yeast and A.  nidulans mitochondria separate from the 
human and mouse mitochondria. In Figure 3B this latter point 
lies only 0.043 unit from the point at which the mitochondrial 
line diverged from the rest of the eubacteria. Since the D. 
discoideum branch lies 0.026 unit deeper within the urkaryotic 
line, its mitochondrion is expected to branch from a point quite 
close to the E. colilchloroplastlmitochondrial common an- 
cestor. The determination of the phylogenetic status of the 
D. discoideum mitochondrial rRNA is of substantial interest 
since, if the above is true, it is to be expected that eukaryotes 
that represent substantially deeper branches than D. discoi- 
deum will not have mitochondria as we know them. 

It is probable that the features common to organisms rep- 
resenting the major divisions of the eukaryotic kingdom will 
be reflections of features possessed by their cOmmon ancestors. 
The identification of these divisions requires the inference of 
reliable phylogenies on the basis of comparisons of multiple, 
functionally independent characteristics that can be found in 

‘ It has also been suggested that similar events gave rise to other 
eukaryotic structures, e.g., 9 + 2 flagella (Margulis, 1981). 

all organisms. The small-subunit ribosomal RNAs appear to 
satisfy this need. 
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