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Abstract. The small- and large-subunit mitochondrial
ribosomal RNA genes (mt-s-rRNA and mt-1-rRNA) of
the nematode worms Caenorhabditis elegans and As-
caris suum encode the smallest rRNAS so far reported for
metazoa. These size reductions correlate with the previ-
ously described, smaller, structurally anomalous mt-
tRNAs of C. elegans and A. suum. Using primer exten-
sion analysis, the 5" end nucleotides of the mt-s-rRNA
and mt-1-rRNA genes were determined to be adjacent to
the 3’ end nucleotides of the tRNA®™ and tRNA™®
genes, respectively. Detailed, consensus secondary-
structure models were constructed for the mt-s-TRNA
genes and the 3’ 64% of mt-1-tTRNA genes of the two
nematodes. The mt-s-rRNA secondary-structure model
bears a remarkable resemblance to the previously de-
fined universal core structure of E. coli 16S tRNA: most
of the nucleotides that have been classified as variable or
semiconserved in the E. coli model appear to have been
eliminated from the C. elegans and A. suum sequences.
Also, the secondary structure model constructed for the
3’ 64% of the mt-1-rRNA is similar to the corresponding
portion of the previously defined E. coli 23S rRNA core
secondary structure. The proposed C. elegans/A. suum
mt-s-rRNA and mt-1-rRNA models include all of the
secondary-structure element-forming sequences that in
E. coli tIRNAs contain nucleotides important for A-site
and P-site (but not E-site) interactions with tRNAs. Sets
of apparently homologous sequences within the mt-s-
rRNA and mt-I-tfRNA core structures, derived by align-
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ment of the C. elegans and A. suum mt-rRNAs to the
corresponding mt-rRNAs of other eukaryotes, and E. coli
rRNAs were used in maximum-likelihood analyses. The
patterns of divergence of metazoan phyla obtained show
considerable agreement with the most prevalent meta-
zoan divergence patterns derived from more classical,
morphological, and developmental data.
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Introduction

The mitochondrial (mt) genomes of most multicellular
animals (metazoa) are single circular, double-stranded
DNA molecules that have species-specific sizes in the
range of 14-42 kb (Wolstenholme 1992). Complete nu-
cleotide sequences and gene contents have been deter-
mined for a number of vertebrate mtDNA molecules in-
cluding eight mammals: human, cow, mouse, rat, blue
and fin whales, and grey and harbor seals (Anderson et
al. 1981, 1982; Bibb et al. 1981; Gadaleta et al. 1989;
Arnason et al. 1991, 1993; Arnason and Johnsson 1992;
Amason and Gullberg 1993); a bird, Gallus domesticus
(Desjardins and Morais 1990); an amphibian, Xenopus
laevis (Roe et al. 1985); a fish, Crossostoma lacustre
(Tzeng et al. 1992), and for a number of phylogenetically
diverse invertebrates, including two sea urchins,
Strongylocentrotus purpuratus and Paracentrotus lividus



(Jacobs et al. 1988; Cantatore et al. 1989), and a sea star,
Asterina pectinifera (Asakawa et al. 1991); two insects,
Drosophila yakuba and Apis melifera (Clary and Wol-
stenholme 1985a; Crozier and Crozier 1993); and two
nematodes, Caenorhabditis elegans and Ascaris suum
(Okimoto et al. 1992). Each completely sequenced meta-
zoan mtDNA molecule contains the genes for the same
12 or 13 proteins, all concerned with oxidative phosphor-
ylation, and the genes for the RNA components of the
mitochondrion’s own protein-synthesizing machinery:
22 tRNAs and two rRNAs.

The mtDNA-encoded tRNAs and the mtDNA-
encoded TRNAs of metazoa have diverged to various
degrees from their prokaryotic counterparts. Because of
an extended wobble mechanism, the 22 mt-tRNAs en-
coded by each of the sequenced metazoan mtDNAs are
apparently sufficient to decode all of the mtDNA-
contained protein genes. Most metazoan mt-tRNA genes
can be folded into secondary structures similar to those
of prokaryotic and eukaryotic nuclear-encoded tRNAs
(standard tRNAs) except that usually the sizes and
sequences of the dihydrouridine (DHU) and TW¥C
loops are highly variable (Wolstenholme 1992). In all
tRNASSACN) genes so far identified in metazoa, the di-
hydrouridine (DHU) arm is replaced with a short loop of
nucleotides (Arcari and Brownlee 1980; de Bruijn et al.
1980; Garey and Wolstenholme 1989). However, the
complete set of mt-tRNAs of the two nematodes C. ele-
gans and A. suum are structurally anomalous. In each
species, the tRNAS™UN a5 well as the tRNASTACN
contains a DHU arm-replacement loop, and in all of the
20 remaining mt-tRNAs of each species, the TYC arm
and variable loop have been replaced with a simple loop
of between 6 and 12 nucleotides (Wolstenholme et al.
1987; Okimoto and Wolstenholme 1990; Okimoto et al.
1992).

Metazoan mt-s-TRNAs and mt-1-rRNAs have been
considerably reduced in size relative to the homologous
16S and 23S rRNAs of Escherichia coli, and these re-
ductions are mainly due to loss of sequences that can be
folded into distinct secondary structural elements, rather
than due to deletions of small numbers of nucleotides
throughout the two genes (Glotz et al. 1981; Zweib et al.
1981; Gutell et al. 1985; Roe et al. 1985; Clary and
Wolstenholme, 1985, 1987). The secondary structures of
the 16S and 23S rRNAs of E. coli have been thoroughly
established from data obtained using chemical protection
and crosslinking and from considerations of phylogenet-
ically conserved helices and loops (reviewed in Noller et
al. 1986). Also, extensive work has been done with E.
coli TRNAs to establish which nucleotides and second-
ary-structure elements are involved in ribosome func-
tions (reviewed in Dahlberg, 1989; Moazed and Noller,
1990; Noller, 1993). Based on the E. coli 16S and 23S
rRNA primary sequences, and secondary-structure mod-
els, phylogenetic sequence analyses with various degrees
of completeness have been proposed for the s-rRNA and
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1-rRNA of a divergent range of organisms and organelles
(Glotz et al. 1981; Zweib et al. 1981; Clary and Wol-
stenholme, 1985, 1987; Gutell et al. 1985; Gutell and
Fox, 1988).

From comparative sequence analyses of eight s-
rRNAs (two prokaryotic, two eukaryotic nuclear, three
mitochondrial, and one chloroplast) Steigler et al. (1981)
identified a core of highly conserved secondary struc-
tures. Almost all sites identified as being essential to
ribosome function have been located within this core
(Dahlberg et al. 1989; Noller, 1993). Sequences within
the s-rRNA core structure and within a similarly derived
core secondary structure of the I-rRNAs have been used
as the basis of phylogenetic analysis of IRNA sequences
(Gray et al. 1984; Cedergren et al. 1988).

In this paper we present detailed consensus second-
ary-structure models for the mt-s-rRNAs and for the 3’
two-thirds of the mt-1-TRNAs of C. elegans and A. suum,
the smallest metazoan mt-rRNAs so far described (Oki-
moto et al. 1990, 1992). Using our nematode secondary-
structure models as a basis, we have defined new sets of
homologous nucleotide sequences within metazoan mt-
s-rRNAs and mt-1-rRNAs that, under specific conditions
of phylogenetic sequence analysis, yield patterns of di-
vergence of metazoa that have considerable agreement
with phylogenies based on more classical, nonsequence
methods.

Materials and Methods

Details regarding culturing of C. elegans and preparation, cloning, and
sequencing of C. elegans and A. suum mtDNA are given or referred to
in Okimoto et al. (1992).

RNA Isolation. C. elegans whole-cell RNA was isolated as follows.
Approximately 9.0 ml of packed volume worms were resuspended in
an equal volume of TES (20 mM EDTA, 50 mM Tris-HCI [pH 8.0},
150 mM NaCl), 20 ml of phenol (prepared as in Maniatis et al. 1982)
was added, and the mixture was periodically shaken and kept on ice
until lysis of the worms was complete. The supernatant was reextracted
with phenol; then it was extracted once with chloroform and subjected
to cesium chloride centrifugation using a Ti50 rotor, as in Maniatis et
al. (1982), but using 2 mg rather than 10 mg ethidium bromide per tube.
The RNA pellet was resuspended in TES and sequentially extracted
with phenol (twice) and chloroform (once) to remove the ethidium
bromide. The RNA was aliquoted, ethanol precipitated, rinsed once
with 70% ethanol, and stored at ~20°C under 70% ethanol.

Primer Extension Analysis. Oligonucleotide primers corresponding
to the complements of the C. elegans s-TRNA gene position 72-92 (Fig.
2A) 5 TTATTGCCTACTCTGTAAATC (21 mer) and the I-rRNA
gene position 69-88 (Fig. 2B) 5 TTTACTCTACCCTTTGTTTC (20
mer) were synthesized. These oligonucleotide primers were 5 end-
labeled using [y-**P]ATP and T4 polynucleotide kinase as in Okimoto
et al. (1990). To 10 g C. elegans whole-cell RNA, 0.8 ng of 32P-
labeled primer was annealed for 30 min at 42°C in a solution containing
4 ul 5x reverse transcriptase buffer (BRL: manufacturer’s recom-
mended reaction buffer): total volume, 14 pl. The mixture was cooled
to room temperature, and 1 ul RNase inhibitor (BRL), 1 pl (20 units)
RNase H-reverse transcriptase (BRL: M-MLVH-RT), 2 ul 0.1 M di-
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Fig. 1. Comparisons of corresponding nucleotide sequences of Cae- end-proximal regions of the mouse and Drosophila yakuba mt-s-rRNA

norhabditis elegans (C.e) and Ascaris suum (A.s) mtDNAs that contain
the 5’ end-proximal and 3’ end-proximal regions of small-subunit
RNA genes (s-rRNA) and the large-subunit rRNA genes (I-rRNA).
The numbers to the right refer only to the rRNA gene sequences.
Vertical lines indicate similarities between the C. elegans and A. suum
nucleotide sequences. A dask indicates the absence in one nematode
sequence of a nucleotide that occurs in the corresponding nematode
sequence. Predicted amino acid sequences of the ND3 gene are shown
in the one-letter code. Sequences of tRNA genes are identified by
dashed lines within which brackets identify the anticodons. Transcrip-
tion of all genes is from left to right. In A, the sequences of the 3’

thiothreitol, and 2yl of dXTPs (dATP, dCTP, dGTP, and dTTP (each
2.5 mM)) were added. This mixture was incubated at 37°C for 40 min.
The reaction was stopped by the addition of 30 pl of formamide se-
quence loading dye and boiled for 3 min. Reference DNA sequences
were obtained using the s-TRNA-specific and 1-fRNA-specific primers
described above (0.3 ng total/sequencing reaction) and M13 bacterio-
phage DNA clones containing the sense strand of the presumed 5’
end-proximal region of the respective C. elegans mt-rRNA gene.

Results and Discussion

Gene content and arrangement are identical in the C.
elegans and A. suum mtDNA molecules except for the
relative locations of the AT (putative control) region
(Okimoto et al. 1992). All genes are transcribed in the
same direction. Both nematode mtDNA molecules con-
tain a single s-TRNA gene and a single 1-rRNA gene that
were identified from nucleotide sequence similarities to
the corresponding genes of other mtDNAs and the E. coli
16S and 23S rRNAs (Figs. 7 and 8). In the C. elegans
and A. suum mtDNA molecules, the two rRNA genes are
separated from each other by protein genes, as has been
found in sea-urchin mtDNAs. This contrasts with the
situation in Drosophila mtDNA and vertebrate mtDNAs
where the two rRNA genes are separated only the
tRNAY? gene.

In C. elegans and A. suum, the 5" and 3" ends of the
s-TRNA genes are located next to the tRNAS™ and
tRNASUCN) genes, respectively, and the 5 and 3’ ends

genes are aligned with the corresponding regions of the nematode
sequences. The terminal nucleotide of each s-rRNA gene is indicated
by a # sign. A plus sign (+) indicates a match with the A. suum
sequence. Sequences complementary to the oligonucleotides used in
the primer extension experiments are indicated by wavy overlines. The
solid line above the C. elegans sequence in B indicates a 13-ntp se-
quence that is 100% conserved between the two nematodes, mouse, and
D. yakuba mt-1-TRNA genes. The complete C. elegans and A. suum
mt-s-TRNA and mt-1-rfRNA sequences are given in Okimoto et al.
(1992). EMBL Data Library accession numbers X54252 and X54253.

of the 1-rRNA genes are located next to the tRNAM and
ND?3 genes, respectively (Fig. 1).

5" and 3’ End Locations of the rRNA Genes

Primer extension analyses were used to locate the 5’
termini of the C. elegans s-rRNA gene and 1-TRNA gene
(Fig. 2). Two bands of different intensity are visible in
the lane containing the products of the s-rRNA reaction;
they represent extension products differing by one nu-
cleotide (Fig. 2A). The size of the product represented by
the major band indicates the 5" end of the s-rRNA gene
to be immediately adjacent to the 3’ terminal nucleotide
of the tRNA™ gene. The minor band represents a prod-
uct that would overlap the tRNAS™ gene by a single
nucleotide. Alternatively, this minor, one-nucleotide-
longer product could indicate the presence within the
collection of RNA molecules used in the primer exten-
sion experiment of mt-s-rRNAs that have an internal,
single nucleotide insertion. This explanation seems ten-
able because the RNA sample used was isolated from a
large population of worms.

In the lanes containing the product of the 1-TRNA
reaction (Fig. 2B), there is a major band representing an
extension product of a size indicating the 5" end of the
1-rRNA gene to be immediately adjacent to the 3 termi-
nal nucleotide of the tRNAM® gene. However, there are
also three minor bands indicating the presence of one
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Fig. 2. Primer extension analysis to determine the nucleotide loca-
tions of the 5’-ends of the C. elegans mt-s-TRNA (A) and mt-1-rfRNA
(B) gene transcripts. The two autoradiographs shown each result from
electrophoresis through a 6.5% polyacrylamide gel. In each autoradio-
graph, P identifies two (duplicate) lanes that contain extension products
which resulted from reverse transcriptase synthesis, using whole-cell
RNA, from the primers whose locations are indicated in Fig. 1A and B.
Lanes A, C, G, and T contain the extension-dideoxy-chain termination
products using these same primers and rRNA gene-containing-M13
DNA clones. In each P lane in A, there are two bands that represent a
major extension product (large arrowhead) and a one-nucleotide-
larger, minor-extension product (small arrowhead). In each P lane in B,
there are four bands that represent one major extension product (large
arrowhead) and three minor extension products (small arrowheads):
one larger (above) and two smaller (below) than the major product. The
5’-end nucleotide locations of the major mt-s-rRNA and mt-l--RNA
extension products are indicated on the sense strand sequence (*) to the
right of the respective autoradiograph.

extension product that terminates within the tRNA™S
gene, 46 nt from the 3’ end, and two other products that
terminate 5 nt and 40 nt downstream from the 3’ end of
the tRNA™* gene. These minor bands could have re-
sulted from secondary site annealing of the primers, or,
in the case of those representing shorter extension prod-
ucts, from premature termination at two specific sites.

From considerations of primary sequence similarities,
and of secondary-structure potential between the 3’ end-
proximal regions of the s-rRNA genes of C. elegans and
A. suum, and D. yakuba and mouse (Figs. 1, 3, and 4), it
seems likely that in C. elegans, the 3’ terminal nucleotide
of the s-rRNA gene is adjacent to the 5° terminus of
the tRNASWN) gene However, the A. suum s-TRNA
gene has either a 16- or 17-nt 3’ extension relative to
the C. elegans s-TRNA gene, or there are these num-
bers of nucleotides separating the A. suum s-rRNA and
tRNASTUEN) genes (Fig. 1A; Okimoto and Wolsten-
holme 1990).
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Beginning 41 and 44 nt upstream from the 5" end of
the predicted translation initiation codon of the C. ele-
gans and A. suum ND3 genes (ATT and TTG; Okimoto
et al. 1990) is a segment of 13 nt that is 100% conserved
between the two nematode, mouse, and D. yakuba mt-1-
rRNA genes. Similarity of the nematode nucleotide se-
quences that lie between this conserved region and the
beginning of the ND3 gene and the nucleotide sequence
of the 3’ end-proximal region of the mouse and D.
yakuba 1-rRNA genes is insufficient to indicate the pos-
sible 3” end nucleotide of the nematode 1-rRNA genes.
Therefore, our designation of the nucleotide 5" to the
putative ND3 translation initiation codon as the 3’ ter-
minus of each nematode mt-1-rRNA gene is tentative.
From the above given definitions of the nematode mt-
rRNA gene termini, the C. elegans and A. suum s-rRNA
genes would encode products of 697 nt and 700 (717) nt,
respectively, and the C. elegans and A. suum 1-rRNA
genes would encode products of 953 nt and 960 nt, re-
spectively. These are the shortest s-rRNAs and 1-rRNAs
encoded by any metazoan mtDNA so far recorded, as we
have noted previously (Okimoto et al. 1992). By com-
parison, the mt-s-rRNA genes of mouse and D. yakuba
are 955 and 789 ntp, and the mt-1-rRNA genes of these
species are 1,581 and 1,325 ntp, respectively (Bibb et al.
1981; Clary and Wolstenholme 1985b).

Secondary Structure Model of the Nematode
mt-s-rRNA Genes

A consensus secondary-structure model for the C. ele-
gans and A. suum s-TRNA genes was constructed (Fig.
3), based on the secondary-structure model of the E. coli
16S tRNA (Noller et al. 1986), on the phylogenetically
inferred mt-s-rRNA secondary structure models of
Gutell et al. (1985), and on the positions within these
models of short segments of highly conserved nucle-
otides. Within the nematode model, when secondary-
structure elements similar to those of the phylogeneti-
cally inferred models could not be formed, the most
consistent secondary structure that included compensa-
tory nucleotide changes shared by the C. elegans and A.
suum sequences was chosen. In general, secondary-
structure stability (change in free energy) was not con-
sidered in constructing the nematode model. However, in
some cases a choice was made in favor of the more stable
of an alternative pair of possible structures when this
structure showed a minimal conflict with the phyloge-
netically defined structure. As noted by Gutell et al.
(1985) for other metazoan mt-rRNAs, in the nematode
s-TRNAs there are some instances where more nucleotide
pairs can be made in a potential stem than is required to
match the standard, inferred structure.

In Fig. 4, the nematode consensus secondary-structure
model is compared with that of the E. coli 16S rRNA. In
the E. coli diagram (Fig. 4B) are shown the 48 second-
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Fig. 3. Consensus secondary-structure model for the nematode mt-
s-rRNA genes. The continuous sequence shown is that of the C. ele-
gans gene, and this sequence is numbered every 25 nt from the 5” end.
Nucleotide substitutions in the A. suum mt-s-TRNA gene sequence are
indicated by circled nucleotides, and insertions/deletions are indicated
by arrows. The encircled sequence of 17 nt at the 3’ end of the model
may be an extension of the A. suum s-rRNA sequence relative to the C.
elegans s-TRNA sequence. (See text.) Watson—Crick base pairings are
indicated by a dash between nucleotides. Presumed pairing of G and T
(U in the RNA sequence) is indicated by GT, and possible pairing of
G and A by GOA. Extra nucleotide pairing possibilities are shown by
dashed lines. Short runs of nucleotides that are highly conserved at
similar locations in the general secondary structure models of Gutell et
al. (1985) are outlined by solid lines. More plausible secondary struc-

ary-structure elements (stems or stem-loops) defined by
Dams et al. (1988), the universally conserved blocks of
nucleotides (U1-UB) defined by Steigler et al. (1981)
and Gray et al. (1984) and, within the entire secondary-
structure model, nucleotides that have been classified as
universal, semiconserved, and variable in regard to their

3" end

tures for some regions of the A. suum sequence relative to the boxed
secondary structures of the corresponding region of the C. elegans
sequence are indicated by bold arrows. Two alternative secondary
structures for corresponding regions of both nematode s-rRNA se-
quences shown boxed with broken lines are indicated by thin arrows
(Alr). Bold numbers (1-48, as defined by Dams et al. 1988), identify
those secondary-structure elements that appear to have been conserved
relative to the E. coli 16S rRNA model (Fig. 4A). Nucleotides in the
nematode sequence to which a boldface letter~number combination is
connected indicate nucleotide locations in the E. coli s-TRNA sequence
(+ nucleotide positions in Figs. 4A and 4B) that are involved in binding
to either the aminoacyl! site (A) or the peptidyl-transferase site (P) of
the ribosome (Noller et al. 1986; Dahlberg 1989; Noller 1993).

presence in other s-rRNAs (Gray et al. 1984). In the
nematode diagram (Fig. 4A) are shown the secondary
structure elements, the universally conserved blocks of
nucleotides, and the variously classified sorts of nucle-
otides (see Dahlberg 1989) that have been conserved.
The major difference between the E. coli and nematode
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Fig. 4. Comparison of the proposed C. elegans/A. suum mt-s-TRNA
consensus secondary-structure model (A) and the secondary-structure
model (B) of the E. coli 16S-rRNA given by Dahlberg (1989), modified
from Noller et al. (1986). The different classes of nucleotide pairs are
as in Fig. 3. Numbering of each sequence is from the 5’ end. In both
models, classification of the universal (@), semiconserved (0), and vari-
able (-) nucleotides is that given by Gray et al. (1984). Bold numbers
(1-48) in the E. coli 165-rRNA model identify those secondary-
structure elements defined by Dams et al. (1988). Bold numbers in

models is the elimination from the latter of single sec-
ondary-structure elements, or groups of secondary-
structure elements. Similar kinds of reductions have been
noted for secondary-structure models of other metazoan
mtDNAs (Glotz et al. 1981; Zweib et al. 1981; Gutell et
al. 1985; Roe et al. 1985; Clary and Wolstenholme
1985b, 1987), but these are never as extensive as in the
nematode model.

In the C. elegans/A. suum model, the majority of nu-
cleotides classified as variable or semiconserved in the E.
coli model are not found: of the 423 variable and the 589
semiconserved nucleotides recognized in the E. coli 168
rRNA model, only approximately 12 and 208 respec-
tively, remain in the nematode mt-s-rRNA model. The
universal core (U1-US8) of the nematode s-rRNA model
(Fig. 4) contains 479 nt (C. elegans) and 476 nt (A.
suum), compared to 530 nt in the E. coli model. Taking
into consideration possible insertions in the sequence of
the nematode universal core relative to that of E. coli
(seven and four for C. elegans and A. suum respectively,
see Fig. 3), this region of the nematode model may lack
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the nematode mt-s-TRNA model identify those secondary-structure el-
ements that appear to have been conserved relative to the E. coli 16S-
rRNA model. In both models, open blocked UI-US8 identify the uni-
versally conserved blocks of contiguous nucleotides in the s-rRNAs
(Gray et al. 1984) and open blocked $3, S5a, and S5b identify the only
extensive regions of semiconserved nucleotides that have been retained
in the nematode secondary structure. In the nematode model are shown
nucleotides (+) corresponding in position to nucleotides in the E. coli
model that have been shown to be involved in the decoding site.

as many as 69 nt relative to the E. coli model, which is
the greatest diminution so far recorded for any of the
published metazoan mt-s-rRNAs (Fig. 7).

Recently, a secondary-structure model of the C. ele-
gans s-TRNA sequence alone has been presented by
Gutell (1993). Although there is considerable agreement
in detail between much of this model and our consensus
nematode model, differences in folding of three seg-
ments of the s-TRNA sequence warrant comment. The
first difference involves nucleotides 1-103. In the Gutell
model, nt 1-23 are shown as an unfolded 5" tail. The
following 17 nucleotides are folded into helix 1, fol-
lowed by 18 nucleotides that include the 5 strands of
helices 4 and 5. The remaining 45 nucleotides are shown
as an unstructured loop. In contrast, in our consensus
model (Fig. 3), only the first nucleotide is unpaired, and
the following 12 nt form helical element 1. Nucleotides
14-32 include the 5" strands of helices 3 and 4, and the
majority of nucleotides 33—103 form a secondary struc-
ture comprising three helical elements.

In the E. coli 16S rRNA secondary-structure model,
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there are only eight 5 terminal, unpaired nucleotides,
and this number is reduced to between one and three in
other metazoan mt-s-rRNA secondary-structure models.
Also, it seems to us unlikely that in the greatly shortened
nematode s-rRNAs, the 5 terminus-proximal 23 nucle-
otides would be excluded from secondary-structure in-
volvement. The validity of each of the helical regions
formed by nt 33-103 in our model is supported by com-
pensatory nucleotide changes in the C. elegans and A.
suum sequences that maintain secondary structure (Fig.
3). Also, the first and third of these helices resemble in
overall structure and relative location E. coli helices 5
and 16, respectively. Also, the 5 strand of helix 16 of the
C. elegans and A. suum sequence contains a conserved
CAA loop-out. In our model, the second helical element
is formed by 29 nt that appear to be the remnant of a
183-nt segment in the E. coli 16S tRNA that is folded
into ten helical elements (6-15). However, it is not clear
to which of these E. coli elements the single C. elegans/
A. suum helix might correspond (? in Figs. 3 and 4).

A second difference between our consensus model
and the Gutell model concerns nt 178-206 and 233-255.
These nucleotides, which connect the nematode equiva-
lent of E. coli helical elements 20 and 25 with helical
element 23 (Fig. 4B), are shown mostly unpaired in the
Gutell model. In contrast, in our model (Fig. 3) the ma-
jority of these nucleotides are used to construct two par-
tially alternative (partially slipped) helices, the validity
of which are very strongly supported by compensatory
changes in the C. elegans and A. suum sequences. These
helices are interpreted as the equivalent of stacked E. coli
helical elements 21 and 22 (formed by elimination of
helix 21-1; Fig. 3).

There is also a difference between the two s-rRNA
models regarding the secondary structure of nucleotides
422-428. We have folded this sequence to form the distal
portion of helical element 36 and a complex stem and
loop structure containing the E. coli equivalents of heli-
ces 37, 38, and, tentatively, 40 (Figs. 3, 4). A similar
alternative overall folding arrangement is proposed for
the A. suum model that takes into consideration a 4-nt
insertion and noncompensatory substitutions (Figs. 3 and
4A and B). It has been proposed that the corresponding
regions of the D. yakuba and human mt-s-TRNAs have
been folded into a similar three-helix structure (helices
37, 38, and 40; Gutell et al. 1985). In the Gutell C.
elegans model, helix 36 is extended (following a bulged
A) by 4 ntp, which makes this helix closer in length to
the D. yakuba and mouse models, but this excludes helix
40. Also in the Gutell model, 2 out of 5 ntp in helix 37
could not be formed by the A. suum sequence.

Further Discussion Regarding the Nematode s-rRNA
Secondary-Structure Model

In spite of the severe size reductions of the nematode
s-rRNA relative to E. coli 16S rRNA and other metazoan

mt-s-rRNAs, all nucleotide positions that in E. coli 165
rRNA are interpreted as being associated with decoding
(reviewed by Dahlberg 1989; Noller 1993) appear to be
present in the nematode s-rRNA secondary-structure
model (Figs. 3 and 4).

In E. coli 16S tRNA, the phylogenetically highly con-
served, so-called 530 loop (E. coli nt 518-533; C. ele-
gans nt 133-149, Figs. 3 and 4) has been shown to be
associated with the activities of two types of antibiotics,
streptomycin and neomycin-related aminoglycosides that
induce coding errors in E. coli (Moazed and Noller 1987;
Melancon et al. 1988). However, as the 530 loop maps to
the surface of the 30S subunit it cannot be directly in-
volved with the decoding region. Rather its position ap-
pears to be crucial in conformational changes in the ri-
bosome resulting from the interaction of tRNAs with the
decoding site (Moazed and Noller, 1990). In the 5" do-
main of the nematode secondary-structure model, all of
the helices that can be identified are shorter, relative to
the corresponding helices of E. coli 16S rRNA, by be-
tween 1 and 3 ntp, except for helices 1 and 5.

These helix shortenings in nematodes may constitute
a concerted change that results in a more compact struc-
ture that maintains the 530 loop and the decoding site in
the same relative arrangement that is found in the E. coli
30S subunit. An alternative rationale for helix shortening
in the 5° domain and in other phylogenetically conserved
secondary structures of the nematode mt-s-rRNA may be
associated with the aberrant structure of nematode mt-
tRNAs (Wolstenholme et al. 1987; Okimoto and Wol-
stenholme 1990; Okimoto et al. 1992). All 22 of the C.
elegans and A. suum mt-tRNAs lack one of the side
arms. For each species, in two of the mt-tRNA genes (for
tRNASTAGN) apd (RNASUEN) the DHU (dihydrouri-
dine) arm is replaced with a loop of 5-8 nt, and in each
of the remaining 20 mt-tRNAs the variable loop and
TYC arm (TV) are together replaced with a loop of 6-12
nt. The tertiary folded functional form of the DHU arm
replacement loop-containing tRNAST*ON) of cow has
been interpreted from chemical probing data to have an
overall similar L-shaped structure, as do standard tRNAs
(de Bruijn and Klug, 1983). Also it has been recently
argued from considerations of patterns of nucleotide cor-
relations in the TV-replacement loop-containing C. ele-
gans and A. suum mt-tRNAs that these tRNAs also have
a final L-shaped folded form (Wolstenholme, et al.
1994). Conservation of overall tertiary configuration of
the different secondary-structural sets of mt-tRNAs
would seem to minimize the necessity for dramatic
changes in the mt-s-rRNA core structure.

Secondary-Structure Model of the Nematode
mt-1-rRNA Genes

A consensus secondary-structure model for the 3’ 64% of
the C. elegans and A. suum mt-1-fRNA genes, again
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Fig. 5. Consensus secondary-structure model for the 3”, 614 nt of the
nematode mt-1-rRNA genes. The continuous sequence shown is that of
the C. elegans gene and this sequence is numbered every 25 nt (5'-3").
Nucleotide substitutions in the A. suum mt-1-rRNA sequence are indi-
cated by circled nucleotides and insertions/deletions are indicated by
arrows. Watson—Crick base pairings are indicated by a dash between
nucleotides. Presumed pairing of G and T (U in the RNA sequence) is
indicated by G»7, and possible pairing of G and A by GOA. Extra
base-pairing possibilities are shown by dashed lines. Short runs of
nucleotides that are highly conserved at similar locations in the sec-

based on primary and secondary structural consider-
ations (Gutell and Fox 1988), is shown in Fig. 5. This
model contains 614 nt for C. elegans (nt 340-953) and
618 nt for A. suum (nt 343-960). In Fig. 6, the nematode

G2553(A)

ondary-structure model of Gutell and Fox (1988) are outlined with
solid lines. An alternative secondary structure for one region of the
model (boxed) is indicated by the thin arrow (Alf). Nucleotide or in-
ternucleotide spaces in the nematode sequence to which a boldface
letter—number combination is connected indicate nucleotide locations
in the E. coli 23S rRNA sequence (e.g., a G at position 2252 indicated
by G 2252) that are involved in binding to the aminoacyl site (4), the
peptidyl-transferase site (P), or both (AP), or to the exit site (E) of the
ribosome, as given by Noller et al. (1986).

consensus l-TRNA secondary structure model is com-
pared with that of the corresponding portion (1,258 nt) of
the E. coli 23S rRNA. In both models are shown con-
served core nucleotides given for the E. coli 23S rRNA
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Fig. 6. Comparison of the proposed consensus secondary-structure
model of the 3, 614 nt of the C. elegans/A. suum mt-1-rRNA genes
(Fig. 5A) and the corresponding segment of the secondary structure
model of the E. coli 23S tRNA (Fig. 5B; Gutell et al. 1993). The
different classes of nucleotide pairs are as in Fig. 3. Numbering of each
sequence is from the 5" nucleotide indicated. In both models, solid dots
are conserved nucleotides as given for the E. coli 23S rRNA by Ced-

by Cedergren et al. (1988). Although there is a large
overall size difference between the nematode and E. coli
sequences, compared to the 404 nt in the conserved core
sequences defined by Cedergren et al. (1988) (Fig. 8)
there are 398 nt and 399 nt in the corresponding core
sequences of C. elegans and A. suum mt-1-TRNAs, re-
spectively. Taking into account apparent insertions in the
C. elegans and A. suum sequences relative to the E. coli
sequence, the nematode core sequences each have 9 nt
less than the E. coli core sequences. By comparison, in
the corresponding regions of the mouse and D. yakuba
I-rRNAs (788 nt and 723 nt) the core sequences each
have 2 nt less than the E. coli core sequences (Fig. 8).
Most of the sequence differences between the 3’ por-
tions of the nematode mt-1-TRNAs and the E. coli 23S
rRNA have resulted from elimination of blocks of se-
quences (Fig. 6), many of which correspond to sequences
eliminated from the mouse and D. yakuba 1-TRNAs rel-
ative to the E. coli 23S rRNA (Fig. 8). The high degree
of conservation of core sequences is reflected in overall

Yy

750
2850 27°

ergren et al. (1988) (see Fig. 8); open squares are other nucleotides
used for phylogentic comparisons (also shown in Fig. 8); and open
circles are nucleotides that are considered variable. In the nematode
model are shown nucleotides (+) corresponding in position to nucle-
otides in the E. coli model (also shown by +) that appear to be involved
in the decoding site (Fig. 5).

general similarity of the nematode mt-1-rRNA second-
ary-structure model to those of the corresponding por-
tions of the mt-1-rRNA secondary-structure models of D.
yakuba and mosquito (Gutell and Fox 1988).

In the nematode mt-1-rRNA model are found all of the
secondary-structure elements and nucleotides that in E.
coli 23S rRNA are associated with tRNA binding to the
ribosomal A and P sites (Moazed and Noller 1989, 1990)
(Figs. 5 and 6). Although the C675 nt in the C. elegans
(and A. suum) mt-1-TRNA sequence could correspond to
the E (exit) site-associated C2394 nt in the E. coli 23S
TRNA sequence (Fig. 6) there are no apparent equiva-
lents in the C. elegans/A. suum model (Fig. 5) to the three
nucleotides—G2112, G2116 and A2169—that in E. coli
23S rRNA are associated with E-site function. This sug-
gests that the proposed E site (Moazed and Noller 1989)
may not be present in nematode mt-ribosomes.

A secondary-structure model of the C. elegans
1-rRNA sequence has been presented recently by Gutell
et al. (1993). Again there is considerable agreement in



detail between the 3 section of this model and our con-
sensus nematode model. The more noticeable differences
between the two proposed structures are as follows.

In our model we have constructed a 6-ntp stem be-
tween nt 356-361 and 526-531 that corresponds to the
upper half of a similarly located stem (nt 1,648-1,667:
1,993-2,009) in the E. coli 23S rRNA model (Fig. 6).
The validity of this stem is supported by compensatory
substitutions in the C. elegans and A. suum sequences,
and also by similarity of six of seven nucleotides extend-
ing from the 5’ strand of the stem into a loop-out in the
nematode and E. coli models (nt 360~366 and 1,667-
1,673, respectively). In the Gutell et al. C. elegans
model, this stem is omitted.

In the nematode consensus 1-rRNA model, nt 640-
690 appear to be the remnant of a 190-nt sequence (nt
2,244-2,433) in the E. coli 23S tRNA model that is
folded into a complex secondary structure. In both our
model and that of Gutell et al., nt 642655 are folded into
an identical stem-and-loop structure that includes three
highly conserved nucleotides that in E. coli interact with
tRNAs (Figs. 5 and 6). However, a second 12-nt stem
and loop constructed within this sequence in the nema-
tode consensus model (Fig. 5), supported by compensa-
tory substitutions between the C. elegans and A. suum
sequences, is not shown in the Gutell et al. model.

In the central region of the nematode consensus
1-rRNA model, we have added (relative to the E. coli 23S
rRNA model) 4 ntp and 2 ntp to two adjacent stems (nt
588-593: 867-872; and 844-845: 865-866, Fig. 6). Al-
though neither of these additions could be made com-
pletely in the E. coli model, in the nematode model they
make uninterrupted extensions of apparently stable heli-
ces in both the C. elegans and A. suum sequences. In the
Gutell et al. C. elegans model, the folding of this region
adheres to the E. coli pattern.

Within the terminal 70 nt (nt 884-953, Fig. 6) of the
nematode consensus model, we have constructed only a
single helical element. This corresponds to a stem and
loop in E. coli 23S rRNA with respect to relative location
and inclusion of a highly conserved 12-nt sequence (11/
12 to E. coli, Figs. 5 and 6). In E. coli part of the distal
portion of the loop has been folded into a bulged stem
(Fig. 6). The corresponding helical elements in the Gutell
et al. C. elegans model appear to have been constructed
to best fit the E. coli bulged stem. Also, in the Gutell et
al. model, nt 921-953 have been folded into simple stem
and loops. Similar structures could be formed from the A.
suum sequence, but it is not clear to which helical ele-
ments they correspond in the E. coli 23S rRNA model.

The 5’ 37% of the C. elegans and A. suum mt-1-rRNA
sequences (nt 1,339 and 1,342, respectively) are shorter
by approximately 1,305, 445, and 270 nt than the corre-
sponding segments of E. coli 23S tRNA and mouse and
D. yakuba mt-1-rRNAs, respectively. We have not con-
structed a consensus secondary-structure model for this
part of the nematode 1-rRNAs. However, such a structure
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showing eight conserved helical elements was included
in the Gutell et al. C. elegans 1-TRNA secondary-
structure model.

Conserved Primary Sequences in Nematode s-rRNA
and I-rRNA Genes

Gray et al. (1984) derived a set of primary sequences of
small-subunit rRNAs (s-TRNAs), judged by them to be
homologous, that they used in phylogenetic analyses.
Selection of these sequences was based on their locations
in the universally conserved core of secondary-structure
models. A set of sequences based on similar criteria were
derived for the large-subunit TRNAs (I-rRNAs) by Ce-
dergren et al. (1988). Alignments of the respective C.
elegans and A. suum mt-s-rRNA and mt-I-rRNA se-
quences with the corresponding sequences of E. coli 165
and 23S rRNAs and other mt-s-TRNAs and mt-I-rRNAs
from a protozoan (Paramecium tetraurelia), a fungus
(Saccharomyces cerevisiae), and three metazoa, the fly
Drosophila yakuba, the sea urchin Paracentrotus lividus,
and mouse (Mus musculus), are given in Figs. 7 and 8.

Because there have been an unusually high number of
nucleotide substitutions and deletions (and some appar-
ent insertions) in the universal core sequences of the C.
elegans and A. suum rRNA genes relative to the corre-
sponding rRNA gene sequences of other metazoa (see
above, and Fig. 9), we have been unable to make a re-
liable assessment of homology for a considerable num-
ber of nucleotides in the nematode core regions. This
problem is greater for the core sequences of the s-TRNA
genes than for the core sequences of the 3" 64% of the
1-TRNA genes because of the higher overall conservation
of the nematode mt-1-rRNA secondary structure. There-
fore, for the purpose of examining the interrelationships
of the C. elegans and A. suum mtDNAs with those of
other metazoa, we have derived new sets of s-rRNA and
I-rRNA core sequences. These sequences (given in Figs.
7 and 8) are a subset of the s-TRNA core sequences of
Gray et al. (1984) and the I-rRNA core sequences of
Cedergren et al. (1988), respectively, and in each case
comprise sequence blocks that appear to us to represent
homologous positions in all of the rRNAs considered.
Our s-tRNA sequence set includes 203 of the 545 nucle-
otide positions in the sequence set of Gray et al. (1984)
(Fig. 7). Our I-TRNA sequence set comprises a total of
284 nucleotide positions that include 253 of the 404 nu-
cleotide positions in the sequence sets for the 3’ 64% of
the 1-rRNAs used by Cedergren et al. (1988) as well as
31 nucleotide positions from other conserved regions
(Fig. 8).

Phylogenetic Sequence Comparisons

Similarity comparisons for the s-rRNA and 1-TRNA
genes represented in Figs. 7 and 8, based on our newly
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Fig. 7. Alignments of the universally conserved blocks of nucleotide absence in a sequence of a nucleotide that is present in one or more

sequences (U1-US; Gray et al. 1984) of the s-rRNA genes of various
mtDNAs and 16S tRNA of E. coli. All sequences are written 53, left
to right. The numbers at the beginning and end of each sequence
indicate the locations of the sequences in the respective s-rRNA and
168 RNA sequences referenced below. Identity and origin of the se-
quences are: E.c, Escherichia coli (Brosius et al. 1978); P.t, Parame-
cium tetraurelia (Seilhamer et al. 1984a); S.c, Saccharomyces cerevi-
siae (Li et al. 1982); M.m, Mus musculus (Bibb et al. 1981); P.I,
Paracentrotus lividus (Cantatore et al. 1989); D.y, Drosophila yakuba
(Clary and Wolstenholme 1985b); C.e, Caenorhabditis elegans; A.s,
Ascaris suum (Fig. 3; Okimoto et al. 1992). A dash indicates the

other sequences. A colon indicates identity between a nucleotide in an
mtDNA sequence and the E. coli sequence. Lowercase letters indicate
nucleotides that lie within expected universal regions but which lack
expected secondary-structure involvement. Double underlines identify
sequences that compose the s-rRNA data set used for phylogenetic
analysis (Fig. 10). Solid triangles beneath the U7 and U8 sequences
indicate the presumed sites of nucleotide insertions/deletions in the
interstem loops between the coaxial stack helix and helix 47 (Fig. 3). It
should be noted that the alignments of the U5 and U8 sequences of P.
lividus shown differ from those of Neefs et al. (1990).
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P.1 789 ATTAATAAATTCGAAAAAAG : ATCGCTCCCCGATAARATAA-- 866
D.y 622 TTTATGAAAAGTTTAAATAAA :: : ATGTCTTTTTGAATTA~ -~~~ 697
C.e 340 attattaaaatataatTGAA- G: : TTAGGCTTTATA-- - 406
A.s 343 tttattttaattttttTGTGT, G: : TTAGGTCTTTT---~-- -~~~ 408

* * x * * * * *
E.c AAGTGGACGTATACGGTGTGACGCCTGCCCGGTGCCGGAAGGTT<40 nt>CCCGG- TAAACGGCGGCCGTAACTATAACGGTCCTAAGGTAGCGAAATT 1940
P.t TTATG-ATGTATAAAATCTGACTC : 1 ¢ :TPGTCATGCA<33 1413
S.c AAGTTTAAGTATAAGGTGTGAACT 1833
Mm -------- GTATTAGAGGCACTGC 947
P.1 ------CAACATGAGGAGTCCTGC 945
D.y -—-=-=—--- TATATAAAGTCTAAC 771
C.e : $GCG~:G:G:ACAT 476
A.8 A T T::GCG-: G:G:QSAT:: 479

* * -

E.c CCTTGTCGGGTAAGTTCCGACCTGCACGAATGGCGTAATGATGGCCAGGCTGTCTCCACCCGAGACTCAGT - GAAATTGAACTCGCTGTGAAGATGCAGT 2039
P.t :A T t 1 :CGACTGCCCTACTGCTCTCCAATATCAGCTCTAT - : :T: 1512
S.¢c .T:GAG T C. : TGATACAACAACTGTCTCCCCTTTAAGCTAAGT - 1932
M.m :T:AGG:: : TA: TA: :CGAGGGTCCAACTGTCTCTTATCTTTAATCAGT - 1046
P.1 sA:ARA:::TA:T:T AAG:CGGAACTG-~AACTGTCTCTTTTCCAAATAATCC- 1043
D.y :::T:GAA:G:TG:A:T : TTGG : CGAAATATTAACTGTTTCATTTAAATTTAAAATA 12T 871
C.e :GCTT:T:T:GAGTT: :A:T:T ::AA: :T:TTGGTTAGTT-CTATTTATGTTPTATGTT ---T~ :'A TT:TTA: T A GA AAAATA 571
A.sg sGCTT:T:A:GGGTT : TA:T:T::::::G: :T:CTGGCTAATT-TTTTA-CTTTTATTTTTA---T~: :AGTTT:GTG: T:A:GA:ATAATG 573

* * * * * * * * * *
E.c G TACCCGCGGCAAGACGGAAAGACCCCGTGAACCTTTACTATAGCTTGACA -CTGAACATTGA<130 nt>CTGGTGGGTAGTTTGACTGGGGCGGTCT 2259
P.t --TTTTTACAACTAG: A::C::: : TTACTGATGCTAGGAACTAAAGGGATAT< 95 nt>CTGGCTGTTAGT: :A:: : 1697
§.¢ G-TACCTTCAGCAAG: TA::C: G : TTACTGTAATTAGATAGATCGAATTATT<254 nt>TCAATTGGTAGT: : TGA 2268
M.m A-ATATAATAATAAG: TA::G:G: : TAAATTATATAACTTATCTATTTAATTT< 31 nt>AAGTTTGAAATT:C:GT 1168
P.1 GGGTAAAATCGTTAG: T::CG:G: : TTTAGCA-AAAACTTAACTAGTAAAACA< 48 nt>TTAAGTGAAGCT: : :GT 1182
D.y A-ATTAATTTAAAAG: sTA:A::T: :TTATATTTTATTTATTTTAATTATAAAG< 17 nt>AAATTAAAATAT: :T:T 979
C.e A-ATATATTTATACA: : :AT: CTGTTATTACACAATTAAATAATTG---<~~~--~>---TGTAATAAA: : TT: :A: 655
A.8 G-TTGATATTACACA:A:AT : AT : TTTTTATTAAATATTTTTTTATTTT -~ -<~----~ >---TTTAATATG: : TT: H 657

*x * * * * * * * E ] *
E.c CCTCCTAAAGAGTAACGGAGGAGCACGAAGGTTGGCTAAT< 74 nt>CGAAAGCAGGTCATAGTGATCCGGTGGTTCTGAATGGAAGGGCCATCGCTCA 2425
P.t CCTCCTAAAAAGTAACGGAGGTGAGCATAAAGTTACGCTT< 78 nt>TAATTGCCTGCTATAATGATCCGGTGTTTTTTTTTGAATAAGACATCGCTCA 1867
S.c¢ TATCAGCAAAAGTATCTGAATAAGTCCAT< 305 nt>CGTAAGTATGGCATAATGAACAAATAACACTGATTGTAAAGGTTATTGAT-A 2663
M.m CGGAGAATAAAAAATCCTCCGAATGATTATAACCTAGACT< 16 nt>ATCAACATATCTT-ATTGACCCAGATAT-~-----m=--m-- ATTTTGATCA 1261
P,]1 CGGAGTA-AAAGAAGCCTCCGCTAAAAAAATATTAACCAC< 26 nt>CATGAATGATTAA-ATTGATCCATTTA-- ---GATGACCA 1281
D.y TAAAATTTAAAAAA-CTTTTAATTTTAAAAAACATTA~--<-~--=~ >——-ATTTATGAATAATTGATCCATTAA- 1048
C.e AATAGTAT-~-~m-===~-=-- <----=- >=---TTCACTATAT 683
A.s AACTTTTT -~ ===~ ===>~-— <------ >~=--TT-ACTAATT 684

* * * * * * * * * *
E.c ACGGATAAAAGGTACTCCGGGGATAACAGGCTGATACCGCCCA ~AGAGTTCATATCGACG- GCGGTGTTTGGCACCTCGATGTCGGCTCATCACATCCTG 2523
P.t t:::G: :GCTTATARATTCTG-AG: : : ' PAAAGAATT-TGTTTGGC : :: :CATCACATCTTG 1965
S.c :GGTAATATAGCGAA-AG: : TGTAA-GCTATGTTTGCC CATCATTTCCTC 2761
M.m :CGCAATCCTATTTA-AG: :CGACAATTAGGGTTTACG T::A:CAGGACATCCCA 1359
P.1 :CGTTATCTTTTCTG-AG: :C: : TGACGAARAG-GTTTGCG T::A:CGGGACATCCTA 1377
D.y :CGTAATTTTTTTGG-AG: :CGATA-AAAAAGATTGCG T::A:TAAGATATAATT 1145
C.e ATTTA-AAG:AT :AAAATCATACCTAATCT ¢ :: : AGTAA-GGTAACTTT~--T T:TA:TCAGATAATCTA 779
A.s ATTTA-AMA:AT: s AAAGTCATATCTGATTT ; : : AATAATGATAAGTTT~~T :TA : TTTAGTTCTTAA 781

* * * * * * * * * *
E.c -GGCTGAAGTAGGTCCCAAGGGTATGGCTGTTCGCCATTTAA-—AGTGGT—ACGCGAGCTGGGTTTAGAACGTCGTGAGACAGTTCGGTCCCTATCTGC 2619
P.t 1Tz A H T CTGT 2061
S.c TTGGTTGTAAAAGCTAAGAAGGG:T::A CTGC 2858
M.m ATGG~TGTAGAAGCTATTAATGG:TC:TT: CTAT 1455
P.1 AAGG-TGCAGAAGCTTTTAAGGG:TG:T CTAC 1472
D.y TTGGGTGTAGCCG-TTCAAATTT: :A:T :T: : CTTT 1240
C.e AGAG-AGGAGAAGGCTTAGTAGT:TA:A :Ts AATT--TTA TGAT 877
A.s AGGG-AGGAGAGGATTTTAGGTT:TA:A : :T: :AATT: : TTA:C: TGGT 879

N . a=====T===-=-=-=-r== N = = = =—-—-f-=-=-= .
E.c¢ CGTGGGCGCTGGAGAACT-GAGGGGGGCTGCTCC- TAGTACGAGAGGACCGGAGTGGACGCATCACTGGTGTTCGGGTTGTCATGCCAATGGC<+194 nt> 2904
P.t TGTAGAATTAAGA-AACGAG-GCTGAGATCGACGCC : CCGACTAGAACTAGCCTCTGGTTCGGGATCTACTTTAAATAAAGG<+197 nt> 2349
§.c TGAAGGAAATATT-ATCAAAATTAAATCTCATTATT :CCATAATGAATCAACCCATGCGTGTATCTATTGATAATAATATAAT<+324 nt> 3273
M.m TTA-----wmmm e m e m e CGATTTCTCC-C : CAAGAGAAATAGAGCCACCTTACAAATAAGCGCTCTCAACTTAAT<+ S6 nt> 1581
P.1 GTA-- -~-=TTTATTCTCCTC :CCAGGATAAGAGTGCCCATGCAGACATGTATTGCACTTCAATTARAAAC ~ - -~ — 1548
D.y AAA------ ~~AAATTATAATATTTT :CCARATATTAAAATAATTATATTTTTATATAAGAATATTATTAATATATAATAA 1325
C.e AAATATTT- -ATATTTAA-TACATT?T :ACATTGTAAAAGTTTTA-AACTTT---AAAGATTTTGAAATCTTT 953
A.8 AATGTCTT-----=---=-- AATTTTAATTACTGAA: : AATTTGTTGGAGTTTGATAACTTTTTGAAAGTGTTAGTACTTTTT 960

* " * * *

Fig. 8. Alignments of the 1258 nt 3" end-proximal region of the E.
coli 238 rRNA (the 3" region (nt 1647-2904), as defined by Gutell and
Fox, 1988) with the corresponding region of the mt-s-rRNA genes of C.
elegans (C.e), A. suum (A.s) (Fig. 3; Okimoto et al. 1992), D. yakuba
(D.y, Clary and Wolstenholme 1985b); Paracentrotus lividus (P.l, Can-
tatore et al. 1989); Mus musculus (M.m, Bibb et al. 1981); Saccharo-
myces cerevisiae (S.c, Sor and Fukuhara 1983); and Paramecium tet-
raurelia (P.1, Seilhamer et al. 1984b). Lowercase letters at the 5" ends
of the nematode sequences indicate nucleotides that are contiguous
with, but not considered part of, the designated 3’ end-proximal region.

derived sequence sets, are summarized in Fig. 9. The S.
cerevisiae and P. tetraurelia mt-s-rRNAs and mt-1-
rRNAs have diverged less from the E. coli 16S and 23S
rRNAs than have any of the corresponding metazoan
mt-rRNAs. The C. elegans and A. suum mt-rRNA se-
quences have diverged more from the corresponding E.

* * * *

A dash indicates the absence in a sequence of a nucleotide that is
present in one or more other sequences. A colon indicates identity
between a nucleotide in an mtDNA sequence and the E. coli sequence.
The lengths of segments of nucleotides present in some sequences but
not others are shown in brackets. Single overlines indicate the nucle-
otide sequences classified as universal, and used in the phylogenetic
analyses of Cedergren et al. (1988). Double underlines identify se-
quences that compose the 1-rRNA data set used for phylogenetic anal-
ysis (Fig. 10).

coli TRNA sequences than have any of the other mt-
rRNA sequences considered. Divergence of the two
nematode mt-1-TRNAs from the mt-1-rRNAs of P. tetrau-
relia, S. cerevisiae, D. yakuba, and P. lividus and mouse
are greater than the divergence between any pair of mt-
I-TRNAs of these five organisms.
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Ee P.t S.¢c Mm P.] Dy C.e A.s
E.c 77.8(76.4{75.4170.9|69.5(62.6|60.6
P.t i90.5 72.9169.5(/67.0]69.0(/58.6]60.6

68.5165.5/168.5/62.1/61.1
81.3|75.8|60.6{58.6
74.4161.1)|59.6
69.5/66.5
89.7

S.c ;78.2;81.7
M.m:i74.3:75.7:73.6
P.l i74.3i{73.9i71.1:87.7
D.y {71.5i73.9i72.282.7:83.8
Ce :65.8:66.9i69.7:63.7i65.5:68.7
A.s 165.5{65.1:67.3:63.4:65.8/67.6i95.1

I-rRNA

Fig. 9. Similarities (as percentages) among conserved regions of nu-
cleotide sequences of s-tRNAs (above the diagonal) and 1-TRNAs (be-
low the diagonal) of various mtDNAs and E. coli. The nucleotide sets
used in the comparison were those indicated by doubled underlines in
Figs. 7 and 8 and used in phylogenetic analyses (Fig. 10). E.c, Esche-
richia coli; P.t, Paramecium tetraurelia; S.c, Saccharomyces cerevi-
siae; M.m, Mus musculus; P.l, Paracentrotus lividus; D.y, Drosophila
vakuba; C.e, Caenorhabditis elegans; A.s, Ascaris suum. References to
sequence origins are given in the legends to Figs. 7 and 8.

s-rERNA

With the exception of the divergences from D. yakuba
mt-s-rfRNA, the divergences of the C. elegans and A.
suum mt-s-TRNAs from mt-s-rRNAs of other metazoa
are also greater than any of the divergences found be-
tween the five mt-s-rRNAs considered (Fig. 9). The no-
ticeably higher-similarity values for the C. elegans/D.
yakuba (69.5%) and the A. suum/D. yakuba (66.5%)
comparisons may reflect the unusually high A+T content
of the sequence sets of all three of these mt-s-TRNAs
(63.8%, 62.3%, 67.5% for C. elegans, A. suum, and D.
yakuba, respectively).

We have used the maximum likelihood analysis of
Felsenstein (PHYLIP, version 3.3) to calculate the most
plausible phylogeny (Fig. 10) of the species represented
in the 203-nt mt-s-rRNA and 284-nt mt-1-TRNA data sets
(Fig. 6 and 8). The PHYLIP maximum likelihood pro-
gram (DNAML) allows for specification of the transi-
tion:transversion ratios (s:v) for the various comparisons.
Using computer simulations, Fukami-Kobayashi and
Tateno (1991) showed that the DNAML topology esti-
mation was robust when the data included varying s:v
ratios and varying nucleotide compositions. In regard to
the present data, these factors are important for the fol-
lowing reasons. The observed s:v ratios for comparisons
of the C. elegans and A. suum entire mt-s-rRNAs and the
conserved regions are 0.8:1 and 1.9:1, respectively (Ta-
ble 1). The corresponding values for components of the
C. elegans and A. suum mt-I-TRNAs are 0.6:1 and 1.6:1,
respectively. For a number of vertebrate and invertebrate
mtDNAgs, it has been argued that transitions are accumu-
lated in great excess to transversions but that with in-
crease in divergence time the observed ratio of transi-
tions to transversions decreases due to a masking effect
(Brown et al. 1982; DeSalle et al. 1987). The s:v ratios
for s-rRNAs of closely related primates was found to
average 12:1 (Hixson and Brown 1986). Although infor-
mation regarding s:v ratios for rRNA genes of closely

related nematodes is lacking, it has been shown that the
s:v ratio for substitutions between COII genes in strain
comparisons of C. elegans and C. briggsae was 12:1.
(The s:v ratio for the C. elegans and A. suum COII genes
is about 0.9:1 [76.7% sequence similarity, see Okimoto
et al. 1992]).

Nucleotide compositions for the rRNAs included in
our data sets are shown in Table 2. There is consid-
erable variation between the species, as has been
noted previously for entire mtDNA sequences (for ex-
ample, Wolstenholme 1992). However, for each of the
four nucleotides in both genes, the variations between
species are reduced in the regions we have defined as
conserved (Figs. 7 and 8). In further support of our
choice of the DNAML method, Hasegawa et al. (1991)
found that this method was more efficient in obtain-
ing the correct phylogeny than was the distance method
used by Saitou (1988) in cases where the evolutionary
rate differs among lineages. Such rate differences seem
likely from our simple sequence similarity comparisons
(Fig. 9).

Using the DNAML method for the mt-s-rRNA and
mt-1-rTRNA data sets, we obtained a consistent topology
regarding the placement of the nematode branch point,
irrespective of order of species introduction, and at
s:v values varying from 2:1 (the default value) to 25:1.
The branches directly relating to the position of the
nematode branch never included zero lengths within
their confidence limits. The relative branch points of
the nematodes for the two data sets are consistent with
the most prevalent classical phylogeny (see, for ex-
ample, Wilson et al. 1978), but they are not in total
agreement with the nematode branch points determined
by Cedergren et al. (1988) for the larger nuclear s-TRNA
and I-TRNA data sets using maximum parsimony and
bootstrapping analysis. In the trees derived by Cedergren
et al. (1988) from nuclear s-rRNA and 1-rRNA data
sets, the branch points of C. elegans deviate from the
position expected from classical phylogenies. In the tree
derived from nuclear s-TRNA data, C. elegans branches
closer to vertebrates than does the arthropod Artemia
salina. In the tree derived from nuclear I-rRNA data, the
C. elegans branch is closer to the protist Crithidia fas-
ciculata than to vertebrates, fungi, and plants. Interest-
ingly, Cedergren et al. (1988) attributed these phyloge-
netic inconsistencies to an abnormally high rate of
mutation (nucleotide substitution) in the nematode nu-
clear IRNA genes.

In the phylogenetic trees constructed from our mt-s-
rRNA and mt-1-rRNA data sets the relative branch points
concerning Paramecium and yeast differ (Fig. 10). How-
ever, the same relative branch points are found for E.
coli, Paramecium, yeast, and metazoa as were calculated
by Cedergren et al. (1988) from their larger mt-rRNA
data sets. Trees derived using both mt-1-rRNA data sets
have Paramecium branching closer to E. coli than does
yeast, while trees derived using both mt-s-rRNA data
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sets have Paramecium and yeast branching from a more
recent, common branch. These observations indicate that
the DNAML method we used is subject to the same
irregularities, with regard to yeast and Paramecium, be-
tween our mt-s-TRNA and mt-]1-rRNA data sets as oc-
curred using maximum parsimony and bootstrapping in
the corresponding, larger rRNA data sets (Cedergren et
al. 1988).

Varying s:v ratios for our mt-1-rRNA data had only
one effect on branching: that of D. yakuba, sea urchin,
and mouse. At s:v ratios of 4:1 or greater, the branching
of these species was as shown in Fig. 10, but at s:v ratios
of 2:1 or 3:1 it was similar to that shown in the tree
derived from our mt-s-rRNA data (Fig. 10). In both to-
pologies, the differing branches included a zero-branch-
length possibility within their confidence limits. It may
be possible to resolve this discrepancy by increasing the
size of the metazoan data set.

Up to s:v ratios of 10:1, branch length showed differ-
ences that were essentially zero with change in order of
species introduction. However, at s:v ratios of 25:1, al-
though the topology remained constant with change in

Table 1.
sponding rRNA genes of C. elegans and A. suum

C. elegans
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Fig. 10. Phylogenies resulting from applying the
maximum-likelihood program DNAML, of the PHYLIP
package version 3.3 by Joseph Felsenstein to the s-rRNA
and I-rRNA data sets shown in Figs. 7 and 8. The
following options were used: T option: Repeat runs were
first made in which the transition:transversion (s:v) ratio
was varied from the default 2.0 to 5.0, 10.0 and 25.0. T
values of 3.0 and 4.0 were also used in the case of the
I-rRNA data set. Based on the data obtained (see text) the
s:v ratio was set at 10 (these figures). F option: The
program used the empirical base frequencies calculated
from the nucleotide content of the sequences provided for
the analysis. G option: the global search and replace
function was used to ‘‘improve the results.”” J option: the
jumble option was used to get a random order of
introduction of species using at least ten different random
seed numbers for each T option value. In the case of T =
25 where the order of introduction of the species was
found to significantly alter the branch lengths the same
random seed numbers (orders of species introduction)
were used at the lower T values to determine their affect.

A. suum

order of species introduction, branch lengths varied as
much as tenfold.

It should also be noted that because branch lengths
tend to increase with increase of s:v ratios, using our data
sets the relative branch lengths for E. coli, Paramecium,
and yeast shown in Fig. 10 may be overestimates.

From the common metazoan branch point, branch-
length estimates for the nematodes average about twice
the branch-length estimates for the other metazoan spe-
cies (2.0 and 2.1 for the s-rTRNA and I-rTRNA data sets,
Fig. 10), indicating a two-times-greater rate of nucleotide
substitution in the nematode lineages. Interestingly, Ce-
dergren et al. (1988) also noted a relatively long branch
leading to C. elegans in their phylogenetic tree based on
nuclear s-TRNA sequences.
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Transitions and transversions between the entire sense strands, and between the conserved regions of the sense strands of the corre-

Numbers of nucleotide substitutions

n Transitions (s) Transversions (v) siv
s-TRNA
Total 697/717 67 86 0.8:1
Conserved regions 202 13 7 1.9:1
I-rRNA
Total 953/960 85 145 0.6:1
Conserved regions 284 8 5 1.6:1
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Table 2. Nucleotide composition data for various mitochondrial rRNA genes and 16S and 23S rRNAs of E. coli

Nucleotide composition as percentages (sense strand)

Total gene Conserved regions
A C G T nt A C G T nt
s-IRNA
C. elegans 359 9.8 16.5 379 697 nt 38.1 14.9 21.3 257 202 nt
A. suum 319 9.1 19.0 40.0 717 nt 36.1 14.9 22.8 26.2 202 nt
D. yakuba 404 7.6 13.1 38.9 789 nt 36.6 144 19.3 29.7 202 nt
P. lividus 36.8 22.1 19.1 22.0 878 nt 359 24.8 19.7 19.7 198 nt
M. musculus 37.8 19.7 16.1 26.4 955 nt 34.0 244 222 19.2 203 nt
S. cerevisiae 41.7 9.2 13.4 358 1669 nt 370 18.7 222 222 203 nt
P. tetraurelia 335 16.2 20.7 29.6 1662 nt 325 18.2 26.6 227 203 nt
E. coli 252 22.8 31.6 204 1542 nt 29.6 21.7 29.6 19.2 203 nt
Maximum
difference (%) 16.5 152 18.5 17.5 8.5 10.4 10.3 10.5
I-rRNA
C. elegans 36.5 7.6 13.4 42.5 953 nt 31.9 11.2 19.0 379 284 nt
A. suum 26.6 6.3 17.0 49.2 960 nt 30.2 10.2 21.1 38.6 284 nt
D. yakuba 41.8 6.0 10.7 41.5 1325 nt 30.2 i5.4 22,5 319 284 nt
P. lividus 37.4 18.8 17.7 26.1 1548 nt 28.3 20.9 254 25.4 282 nt
M. musculus 38.3 19.3 16.1 26.4 1581 nt 28.1 20.7 25.3 26.0 284 nt
S. cerevisiae 429 8.6 12.8 35.8 3273 nt 30.5 16.8 24.6 28.1 284 nt
P. tetraurelia 323 15.1 21.3 313 2349 nt 27.0 204 27.0 25.6 284 nt
E. coli 26.2 220 314 204 2904 nt 26.3 21.8 28.1 23.9 284 nt
Maximum
difference (%) 15.6 16.0 20.7 28.8 5.6 11.6 9.1 14.7
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