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Secondary structure models are an important step for aligning sequences, understanding probabilities of nucleotide
substitutions, and evaluating the reliability of phylogenetic reconstructions. A set of conserved sequence motifs is
derived from comparative sequence analysis of 184 invertebrate and vertebrate taxa (including many taxa from the
same genera, families, and orders) with reference to a secondary structure model for domain III of animal mito-
chondrial small subunit (12S) ribosomal RNA. A template is presented to assist with secondary structure drawing.
Our model is similar to previous models but is more specific to mitochondrial DNA, fitting both invertebrate and
vertebrate groups, including taxa with markedly different nucleotide compositions. The second half of the domain
IIT sequence can be difficult to align precisely, even when secondary structure information is considered. This is
especially true for comparsions of anciently diverged taxa, but well-conserved motifs assist in determining biolog-
ically meaningful alignments. Patterns of conservation and variability in both paired and unpaired regions make
differential phylogenetic weighting in terms of ““stems” and “loops’’ unsatisfactory. We emphasize looking carefully
at the sequence data before and during analyses, and advocate the use of conserved motifs and other secondary

structure information for assessing sequencing fidelity.

Introduction

Assessment of the reliability of phylogenetic re-
constructions based on information contained within
DNA sequences is now a major scientific endeavor.
Much of the recent emphasis has been directed toward
the reliability of phylogenetic analyses after sequences
have been aligned (see, for example, Felsenstein 1988;
Swofford and Olsen 1990; Bandelt and Dress 1992; Pen-
ny et al. 1993; Lento et al. 1995). The importance of
alignment on the resulting phylogeny, however, has been
recognized (see for example, Hein 1990; Lake 1991;
Thorne, Kishino, and Felsenstein 1991; Gatesy, de Salle,
and Wheeler 1993; Collins, Kraus, and Estabrook 1994,
Kjer 1995). Structural information provides a framework
for the alignment and analysis of protein-encoding genes
(for example, Doolittle 1986; Irwin, Kocher, and Wilson
1991; Bell, Coggins, and Milner-White 1993), but align-
ments of ribosomal RNA (TRNA) genes have used such
information less consistently. Sequences are frequently
aligned by eye or with a multiple sequence alignment
program without taking account of secondary structure.
Analysis of genes in a structural context also provides
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a functional rationale for variation in rates of chang%
at different sites or regions of the molecule (chksog
1993; van de Peer et al. 1993; Vawter and Brown 199%
Simon et al. 1994). Criteria are needed to derive satis-a
factory alignments and so improve homology asses§
ments critical to phylogenetic comparisons.

Extensive experimental and comparative sequencg
analyses of prokaryotic and eukaryotic small and largg
subunit (SSU and LSU, respectively) rRNAs have
greatly enhanced our understanding of rRNA second§
ary structures (see Noller et al. 1990; de Rijk et al
1994; Gutell 1994; Maidak et al. 1994; van de Peer egi;
al. 1994). In this paper we examine in more detail the
secondary structure of one part of animal mitochon®
drial SSU (12S) rRNA. This is domain III of the molgr
ecule, encompassing helices (base paired regions) 32«;
48 (see fig. 1). Highly conserved flanking sequence{g’
(Kocher et al. 1989; Simon et al. 1994) make it thg
most commonly amplified region of the 12S rRNA (rex
viewed in Hillis and Dixon 1991; Simon et al. 1994§
The present study is an extension and generalization o%
our use of 128 rRNA secondary structure informatio@
to investigate evolutionary questions among insects
(Simon et al. 1990, 1994; Simon 1991; Spicer, unpub-
lished), lizards (Hickson 1993), birds (Cooper 1994),
and rodents (Sullivan, Holsinger, and Simon, in press).
We found that alignment and analyses were greatly im-
proved when secondary structure information was in-
corporated.

Mitochondrial sequences in SSU rRNA compila-
tions are dominated by mammalian sequences (Gutell
1994; van de Peer et al. 1994), although models for
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F1G. 1.—The secondary structure of the SSU (16S-like) rRNA of
E. coli. All four domains are shown and helices are numbered (as in
van de Peer et al. 1994). The parts of the molecule occurring in mi-
tochondrial SSU rRNA are indicated by thick lines. Paired regions are
shown as parallel lines while curved lines denote unpaired regions.
These drawings were based on Gutell (1994) and so do not correspond
precisely to the model we present here.

mitochondrial SSU secondary structures have been pre-
sented for a range of taxa (Bibb et al. 1981; Gutell et
al. 1985; Clary and Wolstenholme 1985, 1987; Dunon-
Bluteau and Brun 1986; Hixson and Brown 1986; Dams
et al. 1988; Neefs et al. 1993; Gutell 1994; Pont-King-
don et al. 1994; van de Peer et al. 1994). These struc-
tures differ from each other to varying degrees, as will
be discussed below. A model originally constructed
from comparison of domain III mitochondrial sequences
from several avian orders (Cooper, unpublished) and
vertebrate classes (Hickson 1993) proved to be very
similar to the models of Gutell (1994) and van de Peer
et al. (1994) but with minor modifications that may well
be specific to mitochondria.

In the present paper we use a large number of se-
quences (184) from invertebrate and vertebrate taxa to
examine the general SSU rRNA secondary structure
models of Gutell (1994) and van de Peer et al. (1994)
for domain III of animal SSU mtDNA. Using this ap-
proach we have identified well-conserved sequence mo-
tifs. These motifs are advantageous for both alignment
and drawing of animal mitochondrial secondary struc-
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ture diagrams. Comparison of sequences from taxa in
the same genera, families, and orders provided a much
clearer view of the mitochondrial secondary structure in
animals because, as pointed out by Gutell, Larsen, and
Woese (1994), the structural evidence from covariation
of bases within phylogenetically restricted groups is
more significant than evidence from covariation involv-
ing distantly related sequences.

An alignment and basic structure for domain III in
animal mitochondrial SSU rRNA is presented indicating
both conserved and variable sites. A 12S secondary
structure template is included to assist determination of
the secondary structure of domain III. The secondary
structure-based alignment and the motifs also have values
in identifying possible errors in sequencing and we dis%
cuss some published 12S rRNA sequence data that warg
rant further checking.

Materials and Methods
Secondary Structure Models for rRNA
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Structurally, the SSU rRNA is divided into four domains3
(labeled I, II, III, and IV), each separated by a single—;%
stranded region (fig. 1). Domains III and IV are the most
highly conserved domains (de Rijk et al. 1992). Th%
mitochondrial form of the SSU rRNA still has four do3
mains but in comparison to the prokaryote structure=.
from which it is derived, lacks some helices (fig. 1)3
Several models for the prokaryote SSU rRNA were pro:
posed based on experimental and comparative sequence}D—
analyses of the Escherichia coli 16S gene (Noller andﬁ
Woese 1981; Stiegler et al. 1981; Zwieb, Glotz, and Br1—
macombe 1981). These have been steadily improvecg
over the years using comparative sequence analysis b)é
groups in the USA (see Gutell et al. 1985; Gutell 1994f‘§
and Belgium (see Huysmans and de Wachter 1985; Vaxﬁj
de Peer et al. 1994).

These two groups have produced compilations oé
rRNA sequences (both large and small subunits) for ag
wide range of organisms and the databases are regularlys
updated. Use of the most recent compilation for align>
ment and secondary structure analyses is critical sinc%
earlier versions, based on less information, can be in-,g
accurate (Neefs et al. 1993; Kjer, Baldridge, and Fallon
1994). The compilations maintained by the de Wachter
group (de Rijk et al. 1994; van de Peer et al. 1994) are
available in electronic form from the anonymous FTP site
uiam3.uia.ac.be, and compilations and structures from the
Ribosomal Database Project (Maidak et al. 1994) can be
retrieved from the FTP site rdp.life.uiuc.edu or pun-
dit.colorado.edu (in subdirectory /pub/RNA/16S). The
SSU rRNA compilation of van de Peer et al. (1994) and
the model of Gutell (1994), formed the basis for our
refinement of a secondary structure model for domain
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Table 1
Representative Vertebrate and Invertebrate Taxa Used in the Alignment of Domain III 12S rRNA
Representative Sequence
Phylum Class Order Taxon No. Source
Chordata . ...... Mammalia: Artiodactyla Cow 1-15 J01394
Carnivora Sea lion 16-23 U12850
Rodentia White-footed mouse 24-29 Sullivan, unpublished
Primates Human 30-34 JO1415
Marsupialia Opossum 35 729573
Aves: Dinornithiformes Ratite bird 36-77 X67634
Reptilia: Squamata Scincid lizard 78-97 Hickson (1993)
Amphibia: Anura Xenopus 98-117 M10217
Osteichthyes: Lepidosireniformes Lungfish 118-121 M87535
Osteichthyes: Cypriniformes Cyprinid fish 122 M91245
Osteichthyes: Coelocanthiformes Coelocanth 123 M87534
Agnatha: Petromyzontiformes Lamprey 124 U11880 g
Echinodermata .. Echinoidea Echinoida Sea urchin 125-130 JO4815 g
Arthropoda . .. .. Insecta: Diptera Drosophila 131 X03240 %
Insecta: Hymenoptera Honeybee 132 L06178 =
Insecta: Hemiptera Cicada 133-138 Simon, unpublished g
Insecta: Orthoptera Locust 139 Flook, Rowell, and >
Gillessen (1995) g
Insecta: Odonata Damselfly 140-163 Spicer, unpublished i
Insecta: Thysanura Silverfish 164 L02381 §
Chilopoda: Scutigeromorpha Centipede 165 L02376 2
Arachnida: Aranea Spider 166-175 U00118 3
Arachnida: Scorpionida Scorpion 176 L02397 g
Crustacea: Decapoda Crab 177 L02396 5
Crustacea: Branchiopoda Brine shrimp 178 X69067 3
Onychophora: Peripatopsidae Onychophoran 179 L02380 3
Mollusca ... ..... Polyplacophora: Ischnochitonida Chiton 180 L02388 %
Gastropoda: Archaeogastropoda Snail 181 1.02389 )
Annelida ....... Oligochaeta: Lumbricoidea Earthworm 182 L02392 S
Nematoda ...... Nematoidea: Ascaroidea Nematode 183 X54252 Q
Cnidaria ....... Actinaria: Metridiidae Sea anemone 184 Pont-Kingdon et al. g
(1994) L
o
Note.—The number of species that each taxon summarizes is shown and a complete listing of all taxa used is given in the FTP file “TaxaList.12S” (see text).g

The GenBank accession numbers, if available, for the representative taxa are given. Note that several avian and amphibian orders were used.

III of animal mitochondrial 12S rRNA. We have used
the numbering system of Neefs et al. (1993) to identify
individual helices (fig. 1).

Drawings of complete 12S rRNA secondary struc-
tures have been published for mouse (Bibb et al. 1981),
cow (Gutell et al. 1985; Gutell 1994), rat (Gutell et al.
1985), Drosophila (Clary and Wolstenholme 1985,
1987), Xenopus (Dunon-Bluteau and Brun 1986), pri-
mates (Hixson and Brown 1986), human (Neefs et al.
1993; Gutell 1994), nematodes (Gutell 1994), a sea
anemone (Pont-Kingdon et al. 1994), and carp (van de
Peer et al. 1994). While generally similar, they often
differ in the presence or structure of peripheral helices.
Complete 12S rRNA sequences are currently available
for a variety of animal taxa, but a much greater range
of taxa have data available for domain III only. In this
paper we have made use of sequence information from
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184 taxa (table 1). While part of domain II can be am-Q
plified by the universal 12S rRNA primers we have have§
restricted our analyses to domain III (positions 1,174-
1,477 in the human sequence of Anderson et al. [1981])Z
since many of the invertebrate taxa we used lacked theg
additional sequence information.

For the purposes of these analyses we consider four
structural classes in TRNA (Varani and Pardi 1994):

—
N
o
N
N

1. Helices (or stems), which are regions of complemen-
tary base pairing.

2. Bulges, unpaired bases within a helix.

3. Loops, unpaired regions of nucleotides within helices
(internal loops) or between the proximal and distal
arms of a helix (hairpin loops).

4. Unpaired regions not within helices.
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to quantify paired versus unpaired rRNA bases in terms
of variability because each of these classes has both
highly variable and highly conserved members (Simon
1991). Furthermore, highly conserved helices and un-
paired regions can have variable bases within them (van
der Peer et al. 1993; Sullivan, Holsinger, and Simon, in
press).

A Structurally Based Alignment
Comparative sequence analysis is now the most
common method for refining secondary structure mod-

els, and the identification of both conserved motifs and
covarying nucleotide substitutions is an important and
powerful test of the model (Gutell, Larsen, and Woese
1994). Covarying, or compensatory, substitutions are
those whose patterns of substitution correlate with nu-
cleotide replacements at other positions and can be in-
dicative of conventional, or non-conventional, base pair-
ings (Gutell, Larsen, and Woese 1994). Conserved se-
quence motifs (fig. 2, Appendix 1) can serve as align-
ment foci and to localize helices when drawing
secondary structures. Throughout this paper we assume
that secondary structural features, such as helices, are
often indicative of homology. This is justified because
the SSU rRNA is a relatively slowly evolving molecule,
the secondary structure of the E. coli SSU rRNA mol-
ecule has been examined in great detail (see Noller et
al. 1990), and subsequent comparisons of a large num-
ber of SSU rRNAs have indicated common structures
(Gutell 1994; van de Peer et al. 1994). Although, as we
indicate later, there is variability in the size and position
of some helices so not all bases in some helices can be
considered homologous. Following Zuker (1989), hair-
pin loops had to consist of at least three, preferably four,
nucleotides so that the helices were not distorted.

Identification of fixed compensatory mutations
(changes preserving base-pairing in helical regions) was
especially useful for finding helices whose position var-
ied among groups. However, not all substitutions in a
helical region will result in a fixed compensatory change
in the pairing partner. A substitution on one side of a
helix can have one of six results (fig. 3):

1. Noncanonical (non-Watson—Crick) pairing, but stable
purine-pyrimidine bonds (fig. 3a).

2. Formation of a stable symmetrical bulge (fig. 3b).

3. Occurrence of a compensatory change that retains
Watson—-Crick base pairing (fig. 3b).

4. Return of the pair to its original state (fig. 3b).

5. The persistence of a nonsymmetrical bulge (fig. 3c;
single base bulges, however, tend to be highly con-
served in location and can be important in protein
interactions).
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Base pairing between guanine and uracil was per-
mitted, as such pairings appear to be structurally stable
in RNAs (Topal and Fresco 1976). In some situations
nonconventional base pairing (for instance between ad-
enine and cytosine, adenine and guanine, or between
two uracils) may also occur (Freier et al. 1986;
Santalucia, Kierzek, and Turner 1991; Gutell, Larsen,
and Woese 1994; Varani and Pardi 1994). Support for
these pairings can be inferred from covariation (Gutell,
Larsen, and Woese 1994). For our mitochondrial data
set adenine and cytosine pairings were included in some
helices (A-C bonds were particularly common in the avi-
an data set), while adeninie-guanine bonds were requlﬁd
less frequently (see Results). :

Previous studies of rRNA structures have focu@d
on distantly related taxa and taxa represented by or_phly
one or two species. We compared taxa from within
same genera, families, and orders to study substitutional
changes in helices (see table 1). The avian and odonﬁte
(damselfly and dragonfly) data sets were especially @ m-
formative in this regard (see below).

We also calculated minimal free energies for &e
folding of some potential helix structures using
MFOLD algorithm (Zuker 1989; Zuker, Jaeger, and ’l'iir—
ner 1991) in the University of Wisconsin Genetics Co§1
puter Group (GCG) Package, version 7.2 (Genetgcs
Computer Group 1991). The program takes accountZof
the energetic costs and benefits of potential base pairings
and the occurrence, locations, and interactions amchg
unpaired nucleotides (Zuker 1989; Zuker, Jaeger, ahd
Turner 1991). The MFOLD program can display b@h
optimal and suboptimal folded structures. Some struc-
tures determined on the basis of comparative sequelg:e
analysis have been found to have a minimal free enelggy
within 10% of the value of the optimal structure cal-
culated by MFOLD (Zuker, Jaeger, and Turner 19%)
Long-range interactions within the molecule and RNA—
protein interactions may, however, result in foldings (%f—
ferent from the optimal energetic solution (Zuker, Jae@
and Turner 1991; and see Results), so energetic caléu-
lations by themselves can be poor predictors of second-
ary structure. Other folding programs are available (e%.,
Abrahams et al. 1990) but were not used in this study.

Results

Figure 2 presents an alignment and secondary
structure for domain III based on comparison of the 184
taxa (table 1). Space limitations prevent inclusion in fig-
ure 2 of all the groups we analyzed, but an alignment
of more taxa is available from REH or CS, or via anon-
ymous ftp from 130.123.1.3 (as file “12S.aln” in the
subdirectory /pub/farside; available until at least January
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Cow UG AuwucCCuu G U a UAA-ACCC Aaar
Ratite Bird U G 3 AcCCAcC G u A Uaa-ccCCa acAh
Scincid Lizard U G} AucCaac G uUa UAC-CCCec CuA
Xenopus UG acCCac G ua uac-cecCu aaal
Cyprinid Fish UG‘ ACcccc G G A UAR-CCCC AAA
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Honeybee UG AUCUAG i U A UAG-UCCA AAG
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Cyprinid Fish G UG A A A C A cCGuUCA
Sea Urchin Uuca uu A a CGUCA
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FiG. 2.—The secondary structure alignment of domain III animal 12S rRNA. The helices (stems) are listed above the alignment, while the
bases involved in pairing are shaded for each taxon. The region shown corresponds to positions 1,174-1,477 in the human sequence of Anderson
et al. (1981). Gaps are indicated by dashes, with some of the gaps reflecting our use of additional taxa that are not shown here. Where we have
used sequences from more than one species (see table 1) variable positions relative to the representative taxon are indicated by lowercase letters,
while the significance of lowercase characters for the motifs is discussed in the text. For some of the more conserved helices (e.g., helix 34)
additional bases may pair, but we have only indicated these if several members of a group show this. The FTP file “TaxaList.12S” lists the
species used in the determination of motifs.

The 18 representative species used here are Bos taurus (cow), Megalapteryx didinus (ratite bird), Leiolopisma nigriplantare polychroma
(scincid lizard), Xenopus laevis (Xenopus), Crossostoma lacustre (cyprinid fish), Paracentrotus lividus (sea urchin), Drosophila yakuba (Dro-
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sophila), Apis mellifera (honeybee), Locusta migratoria (locust), Ischnura cervula (damselfly), Cormocephalus amantiipes (centipede), Liocheles
waigiensis (scorpion), Artemia franciscana (brine shrimp), Euperipatoides leuckartii “Big Badja” (onychophoran), Cellana tramoserica (snail),
Aporrectodea rosea (earthworm), Caenorhabditis elegans (nematode), and Metridium senile (sea anemone).

The nematode and sea anemone sequences are included but were not used for determination of motif sequences, although their sequences
do conform to many of the motifs. The additional helix in the sea anemone is also indicated. An alignment of a larger set of sequences is
available via anonymous FTP (see text), from EMBL, or from R.E.H.
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Fic. 3.—Potential consequences of a nucleotide substitution in a
helix. Bases that could or do change are circled. (@) Nonconventional
pair-bonds (indicated by ““-*’) may form. (b) A bulge can be maintained
or be subsequently replaced by a second substitution. (¢) A deletion
can result in a nonsymmetrical bulge, which may be preserved or be
compensated for by slippage of one arm of the helix.

1998), and has also been submitted to EMBL. We fo-
cused on groups for which sequences from several rel-
atively closely related taxa were available so that we
could infer patterns of intragroup variation and compen-
satory substitutions. Sites of variability within specific
groups are indicated by lowercase letters in fig. 2. The
major features to note in the alignment are that:

1. It incorporates a wide range of vertebrate and
invertebrate taxa including the phyla Chordata, Echi-
nodermata, Arthropoda, Mollusca, Annelida, Nematoda,
and Cnidaria. The largest phylum, Arthropoda, has rep-
resentatives from four classes. The largest arthropod
class, Insecta, includes representatives of basal wingless

orders (Thysanura), early winged orders (Odonata, Or-
thoptera, and Hemiptera), and the more recent winged
orders (Diptera and Hymenoptera). Chordate taxa in-
clude representatives from five vertebrate classes. Tax-
onomic designations are given in table 1 and a list of
taxa is available from REH or as the file ““Taxalist.12S”
via anonymous FTP 130.123.1.3 from /pub/farside.

2. Base composition for domain III varies from 70
to 84% A+U in most of the invertebrates, whereas it is
about 54% in the vertebrates. The sea anemone, earth-
worm, and sea urchin, however, have A+U values sim-
ilar to the vertebrates. Despite their high A+U content
(80%) the onychophora and honeybee sequences fit the
secondary structure model well (the spider and ne
tode, with A+U contents of 84% and 76%, respectlvegl
fit less well).

3. Relatively small insertions or deletions (mdelgr)
usually less than five nucleotides in length, occur in the
first half of domain III (up to helix 38) and several well-
conserved motifs in this region permit relatively lﬁ—
ambiguous alignment of sequences (fig. 2). Larger aﬂd
more numerous indels occur in the vicinity of heh@és
42,45, 47, and 48, so alignment of parts of these reglc@s
is difficult when comparisons are made between d%
tantly related taxa. e

The conservation of the primary sequence and ﬁe
secondary structure of domain III is remarkable glvén
the range of taxa examined (which reflects more t
600 million years of separation). In only a few mstan@s
were the more variable helices hard to define; helix %2
in the brineshrimp, for example. However we have ides-
tified highly conserved motifs (fig. 2, and see belo?_y)
that greatly facilitate alignment and identification of hgl-
ices.

6875501/

Conserved Sequence Motifs

The most important aspect of our alignment is t§e
identification of sequence motifs that are conserved$n
all, or nearly all, of the taxa examined. Key motifs z(f;‘e
indicated in figure 2 and a template showing consensus
motifs is given in Appendix 1 (the nematode and sga
anemone sequences appear to have some structural dfp_f
ferences from the other taxa and so have not been f”n-
cluded in the identifications of motifs, although they 30
match many of them). In the following discussion, low-
ercase letters identify variable positions. For example,
lowercase “g” is used to imply generally (i.e., in at least
75% of the sequences) a guanine, but always a purine;
“R” means that there is always a purine at the site, but
that one specific base does not occur in more than 75%
of the sequences; lowercase “‘r”” identifies sites where a
purine predominates but there may be pyrimidines (ura-
cil or cytosine) at this position in some (< 25%) taxa.
All the motifs are described reading in the 5’ to 3' di-



rection. In some cases after comparison with the E. coli
structure (Gutell 1994) if only one sequence deviated
from the otherwise conserved motif we suspected this
difference could have been a sequencing error and ex-
cluded the deviation from the motif assignment (for ex-
ample, in the UACANnU motif between 34’ and 45; see
below).

Motifs occur in both paired and unpaired regions
of the molecule, with the more generally conserved mo-
tifs being found in bulges within helices (for example,
the “CaA” motif in 38'), or in unpaired regions between
helices (“‘helical junctions”; for example, the “GG”
motif between helices 33 and 34; the invariant “A” pre-
ceding helix segments 36, 39, 38, and 33’, and the
“UACA” motif in the junction between helices 34’ and
45). Conserved motifs have been found to be common
at helical junctions in other rRNA molecules (Huber et
al. 1993; Varani and Pardi 1994).

The Model

As indicated in fig. 2, the central helices (numbers 32,
33, 34, 36, and 38) align very well, while the relative
positions of some peripheral helices can vary. The sec-
ondary structure models for eight taxa are shown in fig.
4, with the more conserved sequence motifs identified
with boxes or circles in the cow sequence. For the more
well-conserved helices additional pair bonds could oc-
cur in some of the sequences, for instance at the end of
helix 38 in the cow, but we have only indicated these if
there are compensatory substitutions and/or the exten-
sion occurs within most members of a group (in most
vertebrates, for example).

While the MFOLD algorithm often correctly iden-
tified peripheral helices (35, 45, 47, and 48, for example)
it did not accurately fold the structural backbone of do-
main III (helices 33, 34, 36, and 38). Our results indicate
that energetic calculations may best be suited for ex-
amination of short-range folding patterns rather than
used to determine overall or long-range conformations.
It is desirable to use folding algorithms in conjunction
with other information (see also Zuker, Jaeger, and Tur-
ner 1991; Gutell, Larsen, and Woese 1994).

Several alternative models have been presented for
the structure of domain III for animal mitochondrial
SSU rRNAs and differ in their representations of helices
3648 (Glotz and Brimacombe 1980; Clary and Wol-
stenholme 1985; Gutell et al. 1985; Hixson and Brown
1986; Dams et al. 1988; Simon et al. 1990; Hickson
1993; Gutell 1994; Pont-Kingdon et al. 1994; van de
Peer et al. 1994). Examination of mitochondrial SSU
rRNA sequences from a diverse range of taxa has, how-
ever, identified a common structure, and evidence sup-
porting each of these helices is discussed below.
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Helix 36

Helix 36 is usually 7 bp long and, like several of
the helices, is preceded by a conserved adenine (figs. 2
and 4; Appendix 1). Compensatory changes in both
halves of the helix occur in bovids, deer mice, great
apes, birds, skinks, lungfish, damselflies, and dragon-
flies, though not all substitutions in this helix maintain
purine—pyrimidine base pairing.

Compensatory substitutions are clearly illustrated
by examination of changes in this helix among Pero-
myscus and Onychomys mice (fig. 5). Neotoma and Sig-
modon species were used as paraphyletic outgroups to
determine basal helix “I.”” In the Onychomys lineage,
the C-A bond in helix “I”” is converted to different Wat-
son—Crick bonds in O. leucogaster (helix “III’*) versus
O. torridus and O. arenicola (helix “II”’) by transiti¢hs
at sites 566 and 675. In the Peromyscus lineage, %e
basal helix “I’’ changes to helix “IV” via two compél-
satory changes at sites 564/677 and 565/676, respec-
tively. The “IV” condition is present in P. eremicus,P.
leucopus, and P. gossypinus. The derived Peromysc?ys
condition (helix “V”), present in P. melanotis, P. po-
lionotus, and P. keeni, arises via compensatory sub%i—
tutions at sites 564/677. This evolutionary pictureois
simplified by the absence of intermediate conditidns
present in unsampled taxa.

3|011B/8qW/WO!

“Helix 37

Earlier compilations (e.g., Neefs et al. 1990) Qﬁ-
cluded a helix between 36 and 38. It is possible to dragw
a 3-bp helix in this region for some avian taxa but f&wv
other taxa had bases able to pair in this region. Con§-
quently, we have not included this helix in the mocéﬁgl.
The unpaired region between helices 36 and 38 is vari-
able in length and sequence among taxa (figs. 2 and 4).

[0

Zuois

Helix 38

Nucleotides involved in this helix are some of tge
most conserved in domain III (fig. 2, Appendix 1). The
helix can, however, be drawn in several ways (fig. B).
While there are few compensatory or covarying nucle-
otides to provide evidence (Gutell, Larsen, and Woese
1994) supporting one form of helix 38 over another, the
mitochondrial sequence data suggest a common struc-
ture. Van de Peer et al. (1994) and Gutell, Larsen, and
Woese (1994) present similar structures for helix 38, dif-
fering primarily in which of the three consecutive “uR”
couplets in the proximal arm is unpaired (fig. 6b, 6¢).
In the mitochondrial data set (fig. 2), the second “uR”
couplet is variable, while the third is a conserved “UA”
and so we have chosen to pair the third “UA” couplet
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fact that a base (often adenine) is usually unpaired at this position. Appendix 1 presents a generalized structure that is very useful as a template

for drawing mitochondrial SSU secondary structures.
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Fic. 5.—Evolution and compensatory mutations in helix 36 in
Peromyscus and Onychomys. Circled bases change in the subsequent
branch. Ancestral states were inferred using MacClade (Maddison and
Maddison 1992) and accelerated transformations used to optimize
changes on the well-corroborated relationships among these taxa using
Neotoma and Sigmodon sequences as paraphyletic outgroups (helix I;
Sullivan, Holsinger, and Simon, in press). The relationships are sup-
ported by phylogenetic analyses of mitochondrial cytochrome b se-
quences and the nodes are strongly supported, except for resolution of
the Onychomys species (Sullivan et al., submitted). The compensatory
changes creating helices II-V are discussed in the text.

with the distal “UG,” leaving the ‘““uR” unpaired, as in
van de Peer et al.’s (1994) model (see figs. 2 and 6d, 6f,
and 6h). Our representation for helix 38 differs from van
de Peer et al. and Gutell’s by postulating a symmetrical
rather than an asymmetrical three-base bulge (compare
fig. 6¢c and 6d). A uracil rather than a purine at the first
position of the “rcc” motif (the ninth base pair in Gu-
tell’s structure; fig. 6¢) in cicada and locust, as well as
in other orthoptera (P. Flook, personal communication),
all 24 odonate sequences, and in the frog Rana cates-
beiana, results in a highly unusual four-base bulge if
paired according to Gutell’s model (see fig. 6g). Note
that the optimal energetic folding of this helix (fig. 6a)
has an asymmetric bulge but is otherwise different from
the other structures. MFOLD produced different optimal
energetic structures for different taxa.

Helix 39

Van de Peer et al. (1994) show helix 39 as a 2-bp
structure, but it most commonly contains six nucleotide
pairs in mitochondrial sequences (figs. 2 and 4, and Gu-
tell [1994]). The helix is usually preceded by four un-
paired bases, with an adenine always present immedi-
ately before the start of helix 39 (fig. 2, Appendix 1).

Compensatory changes in the avian (table 2) and odo-
nate (table 3) data sets provide support for the structure
of this helix as we have drawn it. The third and/or fourth
positions may or may not be be paired (fig. 2, tables 2
and 3), and among avian orders A-C bonds may be rel-
atively frequent (table 2). The last pair bond of this helix
is often well conserved (fig. 2, tables 2 and 3).

Helix 40

This helix is included in both Gutell’s (1994) and
van de Peer et al. (1994) compilations, and there are
covarying substitutions strongly supporting its existence
in mitochondrial SSU rRNA (tables 2 and 3, and Mc-
Intosh and Simon, unpublished). Helix 40 is only 25bp
long in ratite birds but there are three bonds in other
avian orders (table 2). A-C bonds appear to be involied
in helix 40 in amphibia and the earthworm (see figs: 2
and 4). The nematode Caenorhabditis elegans has 4§bp
in this helix (fig. 2).

apeoe//:sdpy

“Helix 417

Helix 41, a 2-bp structure in the van de Peer et_?aal.
(1994) carp structure, is not supported by our analyges.
Its suggested position is in a region with high nucleotide
substitution events (including indels; fig. 2, and Hick3on
1993), and the distal part of this helix falls within Pur
elongated helix 39, making the formation of helix241
energetically unfavorable. S

Helix 42

SLILIELRID

A 2-4-bp helix can be drawn for all of the tax%in
fig. 2, often preceded by an adenine residue and usuglly
four bases from the end of helix 39. Pairings betwgen
adenine and cytosine are required to construct this helix
in birds (table 2), as well as in Mus and Rattus ({igata
not shown). In 12 of 24 odonate sequences examined
helix 42 consists of 3 bp, while there are 4 bp in She
other 12 taxa and various compensatory mutations océur
(table 3). An energetically more favorable alternafive
helix 42 can be constructed closer to the 38’ helix @or
the primates (Hickson 1993) but not for other taxa, %g-
gesting that it does not exist at the alternative location.
The loop of helix 42 is the most variable region of do-
main III in birds, with indels of up to 10 bases (Cooper,
unpublished).

Helix 45

Helix 45 follows the “UACAnU” motif (figs. 2
and 4), and is 4-7 bp in length (fig. 2, tables 2 and 3).
The last “U” in the motif is a “C” in the earthworm,
but this may be a sequencing error. The honeybee is
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highly unusual in having an extra “U” in the motif (fig.
2), which cannot be ascribed to a gel reading error (R.
Crozier, personal communication).

The hairpin loop of helix 45 is usually six bases or
fewer. Relatively large insertions can occur downstream
of helix 45. The fin whale and the tinamou (a phylo-
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FIG. 6.—Potential pairings for helix 38 in 12S rRNA domain III. Lowercase letters indicate variable sites in that taxonomic groug
Nonconventional pair bonds are indicated by . (a) The structure in the cow favored on the basis of free energy calculations (determingj
using the MFOLD algorithm in the GCG package). Minimal free energy calculations are also shown for the other structures. (b) The coyy
structure following van de Peer et al’s (1994) model. (c) The structure for the cow proposed by Gutell (1994), and its minimum free energ¥:
Each base pair in the Gutell structure is numbered to facilitate comparison with the other structures. Van de Peer et al’s and Gutell’s structures
are similar for this helix, differing primarily in which “UA” couplet is unpaired. (@) Our model for helix 38 in the cow based on comparati%d
analysis of a large range of vertebrate and invertebrate mitochondrial sequences. Note the symmetrical “GCC/CAA” bulge. (e) The structure of
helix 38 in the sea urchin, based on Gutell’s (1994) model. (f) The sea urchin helix as represented in our model. Additional pair bonds that 4
not a general feature of our model are indicated by “:”. (g). The structure of helix 38 in periodical cicada, based on Gutell’s (1994) modék:
Note the four-base bulge. (k) The periodical cicada helix as represented in our model. Note that with our model, the symmetrical bulge associat
with the “CAA” is a more general pattern (see fig. 2), and that it generally maintains the highly conserved (“‘dominant”) G-U base pair adjaceht
to the “Ryy/CAA” bulge (see text).

genetic relative of ratite birds) have insertions of at least
10 bases in this region (Hickson 1993; Cooper unpub-
lished). The sea anemone is unique in having an addi-
tional helix extended on from helix 45 (see fig. 2), mak-
ing it much more similar to the E. coli structure (Pont-
Kingdon et al. 1994; see fig. 1).



and Appendix 1). The “Y” and “g” of this motif are
suggested by Gutell, Larsen, and Woese (1994) to bond
to the “r” and adjacent “A,” respectively, of the
“yRaarr”’ motif between helices 47 and 33. This is most
commonly manifested as a G—C bond followed by an
A-G pair (shown by dashed lines in the cow structure
in fig. 4), but this cannot be drawn in some taxa, ony-
chophora for instance.

Compensatory substitutions supporting the location
of helix 47 occur in most of the groups for which we
have several closely related taxa (see, for example, ta-
bles 2 and 3). Note that 13% of pairings for helix 47
may be A-C bonds in the bird sequences (table 2), while
very few A-C pairings can be inferred among the odo-
nates (table 3).

A “‘yRaarr” motif occurs between 47" and 33’ in
the mitochondrial sequences (fig. 2), and there can also
be a similar “yrarr” motif upstream of this, either in the
loop of 47 or associated with the distal arm of the helix

(fig. 2).

Helix 48

Helix 48 is also variable in size and position but
occurs in all taxa between the two well-conserved hel-
ices 32 and 33, and motifs are associated with the be-
ginning and end of this helix: “GUAA” (“yAGUAA”
for most vertebrates, but “yuGUAA” in some frogs),
and “UgAr,” respectively (fig. 2). Compensatory sub-
stitutions in, for instance, birds (table 2) and odonates
(table 3) also provide support for its location.

Domain IIT in Molluscs

The 12S rRNA sequence from the mussel Mytilus
edulis (Hoffmann, Boore, and Brown 1992) was difficult
to align to the other sequences because of large (up to
100 bases) insertions between 38 and 38’, and between
45’ and 47. Outside of the insertions, however, the con-
served motifs were identifiable (data not shown) and the
template (Appendix 1) was very useful for fitting My-
tilus sequence onto the general structure. Other mollus-
can sequences, such as the snail Cellana tramoserica
(fig. 2), the chiton (fig. 4), and scallop (GenBank ac-
cession number X67246; not shown) do not have such
large insertions.

Discussion

Although TRNA genes can be difficult to align be-
cause they lack the triplet code pattern of protein genes
(Mindell 1991), we find, along with Gutell (1994), van
de Peer et al. (1994), and Kjer (in press), that secondary
structure features of rRNA sequences can greatly facil-
itate alignment. Comparative analysis of rRNA sequenc-
es is the major method for refining the structural models
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(Gutell 1994; Gutell, Larsen, and Woese 1994; van de
Peer et al. 1994), and identification of compensatory
changes provides the strongest evidence for bases in-
volved in pairings (Larsen 1992; Gutell, Larsen, and
Woese 1994). Energetic calculations, while useful, can
be less accurate than comparative sequence analysis for
predicting the structure of some helices (see fig. 6, and
also Gutell, Larsen, and Woese [1994]).

The conserved sequence motifs (Appendix 1), sup-
port from compensatory mutations (e.g., tables 2 and 3),
and the ability to fit many diverse taxa onto the structure
(fig. 4) suggest that our model has generality for animal
mitochondrial SSU rRNA. In contrast to some previous
models (Clary and Wolstenholme 1985, 1987; Hixsen
and Brown 1986; Dams et al. 1988; Simon et al. 199@,
our analysis of a large number of mitochondrial sg-
quences indicates a common structure for domain I@.
Utilization of a large number of taxa provides a refingd
definition of regions of intra- and intergroup sequenBe
conservation and variation.

Differences between Models

Our 12S third domain model is very similar
those of Gutell (1994) and van de Peer et al. (199
However, an important difference between our model
and those of Gutell (1994) and van de Peer et al. (199%)
is that in ours the ‘““CaA” bulge in 38’ is symmetrica
opposite three unpaired bases, “rcc’ (fig. 4, Appendix
1). Gutell (1994) and van de Peer et al. (1994) hage
the ““rcc” paired with a “ggU” motif adjacent to t@e
“CaA” bulge (fig. 6b and 6¢). Free energy calculatio@is
for these alternative structures do not favor one com-
mon structure (compare fig. 6e and 6g, and 6f and 6/43.
The structural models derived by Gutell (1994) and van
de Peer et al. (1994) are based on comparative infozg-
mation from a very large and diverse group of prg-
karyote and eukaryote SSU rRNAs, while our altgr-
native structure is based on comparison of just animcpl
mitochondrial sequences. Examination of relative?jl&
closely related sequences is, however, an important as-
pect for refining secondary structure features and we
have examined a much greater range of mitochondrﬁl
sequences than previous studies. In so doing we found
that cicadas and the odonata cannot form the ninth ba{g;e
pair in the Gutell helix (see fig. 6g), and that cicadas,
Tetragnatha spiders, and the brine shrimp would lack
two bases from the end of helix 38 in the Gutell struc-
ture (see figs. 2 and 4).

Although this is not particularly strong evidence for
a symmetrical bulge in helix 38, the inclusion of such
a bulge results in a structure consistent across all of the
mitochondrial sequences we examined, with the excep-
tion of the nematode and sea anemone (fig. 2). The sym-
metrical bulge maintains (except in mammals) the ad-
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jacent G-U base pair that is highly conserved in SSU
rRNAs (Appendix 1; Gutcll, Larscn, and Wocesc 1994).
Sea urchins (fig. 6f) and cicadas (fig. 6h), as well as
dragonflies and Tetragnatha spiders, could have addi-
tional, nonconventional base pairings in this bulge, but
adjacent pairs of C-A, C-C, or C-U bonds can destabilize
a helix (SantaLucia, Kierzek, and Turner 1991) and so
may not form. Similar comparative studies of other
groups of taxa will help determine if a symmetrical
bulge in helix 38 is a valid alternative structure for an-
imal mitochondrial SSU rRNA. An asymmetrical bulge
is favored in fungal and plant mitochondrial SSU rRNAs
(see Gutell 1994). The secondary structure of helix 38
does not, however, affect the alignment of the sequenc-
es.

G-U Bonds
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Woese (1994) identified seven instances of G-U bonds
that were ““invariant” (occurred in 100% of SSU se-
quences examined) and five instances of ‘“‘dominant”
G-U bonds (in >55% of SSU sequences). In our mito-
chondrial secondary structural model, however, the same
constraints are not observed, which may imply different
selective forces operate on the mitochondrial rRNA. We
can locate five of the seven invariant G-U pairs, although
an examination of the 184 mitochondrial sequences re-
veals that all of these must be downgraded to ‘“‘domi-
nant.”” In addition, we have found two more dominant
G-U sites near other G-U pairs; one in the middle of
helix 34, and one near the distal end of helix 38. These
seven G-U bonds are highlighted with boxes in Appen-
dix 1. None of Gutell et al.’s ““dominant” G-U pairs are
dominant in our structure, but mitochondrial sequences
are reduced in these areas compared to eukaryotic nu-
clear and prokaryotic sequences (see fig. 1).

Conserved Motifs

While the nematode C. elegans (as well as Ascaris
suum), the sea anemone (Metridium senile), and the
mussel (Mytilus edulis) differ in some aspects from our
general model, they do match many of the motifs and
structural features indicated in fig. 2 and Appendix 1.
The mitochondrial SSU rRNA secondary structure of
the alga Chlamydomonas reinhardtii is distinct from
those of other plants (Gutell 1994), so some deviation
from a general structure can be anticipated. Examination
of sequences from near phylogenetic relatives of these
taxa would be useful to determine how widespread such
structural changes are. Preliminary sequence data for
cestodes (P. Olson and C. Simon, unpublished) indicate
that they have motif differences from molluscs, arthro-
pods, and chordates.

Although there is still uncertainty in aligning some
regions due to insertion or deletion events (around hel-
ices 42, 47, and 48 in particular), the conserved motifs
(fig. 2 and Appendix 1) serve as a framework upon
which alignment of 12S domain III sequences may be
more reliably built. We have focused upon domain III
because this region is the most frequently sequenced
region of animal mitochondrial SSU rRNA. Alignment
and refinement of the structure required a considerable
amount of work, so aligning and refining the more vari-
able domains I and II will be a much more difficult task.
The secondary structure models of Gutell (1994) and
van de Peer et al. (1994) are, however, valuable frame-
works for aligning these regions. Similar approaches gan
be adopted for the mitochondrial large subunit (IES)
rRNA, and the most recent general secondary strux,@uc
models are given by Gutell, Gray, and Schnare (19@3)
and de Rijk et al. (1994). It is easiest to start with sev%fal
relatively closely related sequences to first establishSan
alignment and provide evidence for compensa@ry
changes. Increasingly divergent sequences can then’be
included to identify the more conserved motifs. Refine-
ment of the alignment assists with refinement of a s&c-
ondary structure model, and vice versa, so it is anan-
teractive process.

w/woo dno i

Paired and Unpaired Regions

Helices and unpaired regions are relatively eas}g to
draw in any piece of DNA sequence, especially when
nucleotide bias is high and noncanonical base pairing is
allowed, e.g., in A+U-rich insect mtDNA (Simon eﬁal.
1990; Taylor et al. 1993). Simon et al. (1990) found éat
Homo sapiens, Drosophila yakuba, and Magicicada the-
decim could roughly fit both the Glotz and Brimacoq}’oe
(1980) and Dams et al. (1988) 12S rRNA models (c;!iut
with so few sequences available, no motifs or compen-
satory mutations were identifiable). Rather than being a
conflict in structure, Simon et al. suggested that th:n;re
may be local switching between alternative structu;é:s,
as has been documented for other regions of nuclear
rRNAs. However, our analyses of a wider range of 12S
rRNA sequences indicate that the Glotz and Brimac@n—
be (1980) and Dams et al. (1988) structures are in¢or-
rect, reflecting instead the ease of drawing helices @d
loops. On the basis of comparative sequence analysis
and the identification of compensatory changes, one
structure common to all the vertebrates examined, as
well as most of the invertebrates, is favored (figs. 2 and
4). As Simon et al. (1990) noted though, and the present
analyses reinforce, experimental evidence for the struc-
ture of 12S rRNA would be useful (see also Gutell, Lar-
sen, and Woese 1994).

Hixson and Brown (1986) suggested that ‘“‘short-
range” helices (where the two arms of the helix are



close together in the primary structure of the DNA, e.g.,
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helices (where the proximal and distal arms are sepa-
rated by other helices). Simon (1991) pointed out that
this is generally true but that tertiary structure and pro-
tein interactions can result in exceptions. Our analyses
support Simon’s view; the short-range helix 35, for ex-
ample, is more conserved than expected, whereas the
long-range helix 36 is more variable (see fig. 2). The
nucleotide variability associated with helices 36, 45, 47,
and 48, and the unpaired region between 40’ and 39’
(see fig. 2) may be of phylogenetic value for investi-
gations of relatively closely related taxa if there are suf-
ficient variable sites and multiple hits are not a problem
(Sullivan, Holsinger, and Simon, in press; Simon et al.,
in preparation).

Vawter and Brown (1993) examined differences in
substitution patterns between different rRNA structural
classes but did not compare short-range versus long-
range helices. We have shown that within helices and
unpaired regions there can be extensive variability in the
degree of nucleotide conservation (compare, for exam-
ple, helices 36 and 38 in fig. 2), and that some regions
of domain III appear to differ in their degree of vari-
ability between taxa. van de Peer et al. (1993) elegantly
demonstrated this point and emphasized that closer anal-
yses of sequence variation make labels such as “‘con-
served” and ‘‘variable” sites too simplistic. Phyloge-
netic weighting of sequences using criteria such as
“stem” and ‘“‘loop” may be inappropriate (Hickson
1993; Simon et al. 1994). Nucleotides in unpaired
regions can be sites for protein, tRNA or rRNA inter-
actions (see, for example, Noller et al. 1990; von Ahsen
and Noller 1995), and unpaired bases can be very well
conserved (Huber et al. 1993; Gutell, Larsen, and Woese
1994; and this study).

Kraus et al. (1992) and Gatesy et al. (1994) noted
that compensatory changes in rRNA may not occur for
substantial periods of time and our analyses support this.
Some bulges or nonconventional base-pairings may have
a long evolutionary history (for example, the “A : A”
bulge in helix 39 in mammals). The potential destabiliz-
ing effects of bulges may be lessened by protein binding
or by nonconventional base pairing (for example the
“CaA” bulge in helix 38'; Gutell et al. 1985; Santa-
Lucia, Kierzek, and Turner 1991). Slippage of a helix
arm rather than compensatory substitutions could also
occur (fig. 3¢) but appears to be rare in our data. Slip-
page is in essence a covarion shift and would be a se-
rious problem for phylogenetic analysis because helix
position would not correspond to nucleotide homology
(Miyamoto and Fitch 1995).
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Alignments and Phylogeny

Secondary structure information can be used to in-
dicate the degree of reliability or confidence in the align-
ment of different parts of the sequence. The region be-
tween helices 32 and 38, for instance, can be aligned
with confidence across a wide range of taxa, whereas
alignment around helices 47 and 48 can be more diffi-
cult. Consequently, when highly divergent taxa are com-
pared (as, for example, in the arthropod study by Ballard
et al. [1992]) phylogenetic inferences based on align-
ment of domain III should be viewed with caution.

The close occurrence of similar motifs can generate
misalignments when alignment programs are used. This
is illustrated by the “yrarr” and ‘““yRaar” motifs on cl—
ther side of helix 47', particularly since the ﬁ@t
“UGAAA” is more conserved in vertebrates whiie I@e
second “UGAAR” is more generally conserved amo&g

ineacte ;"
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An important contribution to the evaluation of tﬁe
reliability of phylogenetic analyses is the presentatlon@f
the sequence alignment, and inclusion of such data:m
submitted manuscripts should be encouraged (see aléo
Kjer 1995). Kjer (1995) has identified examples in @n
amphibian rRNA data set where alignment of sequencgs
based on secondary structure information results in pHy-
logenies more congruent with nonmolecular data th%n
phylogenies derived from rRNA sequences not ahgngd
with respect to a structural model. In our view, depogi-
tion of the aligned sequences in a database or FTP site
should be a requirement for manuscript submission. Tﬁe
availability of our alignment is given in the Results. &

Comparison of 12S domain III alignments derived
from a range of automatic alignment programs with tge
alignment based on the domain III motifs and second@y
structure model will be presented elsewhere (chksgn
and Simon, in preparation).

sanb Aq 6

Accuracy of Sequences

Sequencing errors are a recognized problem in the
databases (see for example Clark and Whittam 19@;
States 1992; G. Olsen, personal communication). Errocss
can be detected by simple consistency checks, such‘@s
the secondary structure alignment illustrated here. Thete
are several cases where one or a few taxa differ frc@'l
the rest at positions that are otherwise constant. These
may be real differences or the artifacts of cloning, poly-
merase chain reaction (PCR), sequencing, or data entry.
The motifs (fig. 2 and Appendix 1) are informative in
this respect and deviations from some of the motifs pro-
vide a valuable feedback to check sequencing precision.

As an illustration, the two complete sea urchin 12S
rRNA sequences in GenBank (Strongylocentrotus pur-
puratus; accession number X12631, Jacobs et al. [1988];
Paracentrotus lividus; J04815; Cantatore et al. [1989])
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both lack one of the highly conserved guanines in the

bulge between helices 33 and 34. Four other urchin spe-

cies sequences (generated by the PCR rather than clon-
ing) had this double guanine bulge, as did another in-
dividual of S. purpuartus (Thomas, Maa, and Wilson
1989). Given the conservation of this unpaired “GG”
doublet in animal 12S rRNA and other SSU rRNAs (see
van de Peer et al. 1994), and its presence in the Thomas,
Maa, and Wilson (1989) urchin sequences, we included
it in the P. lividus sequence shown in figure 2. Thomas,
Maa, and Wilson also noted that their S. purpuratus se-
quence differed at several positions from the Jacobs et
al. sequence, so reconfirmation of the cloned sea urchin
sequences is recommended.

The honeybee mitochondrial genome is very A+U
rich and appears to evolve rapidly in relation to other
insect taxa (Crozier and Crozier 1993). Although its 12S
sequence fits the general model very well, there are sev-
eral other differences between the honeybee sequence
and the motifs we identified. For example, the bee (as
well as earthworm) do not match the “GGA” motif be-
fore helix 33’ (fig. 2). The first ““G” in this motif is very
well conserved over a very broad range of taxonomic
groups and is involved with tRNA binding in E. coli
(von Ahsen and Noller 1995) and so may have a similar
role for other SSU rRNAs. Rechecking of the original
sequencing gels did not indicate inaccuracy in gel read-
ing or data entry (R. H. Crozier, personal communica-
tion), but (as with the sea urchins) cloning artifacts can-
not be excluded. Sequence data from additional individ-
uals and related taxa is required to determine whether
these ambiguities are a feature common to other hy-
menoptera.

Deviations from the motifs (fig. 2) may, however,
be real in some cases and sequences from several indi-
viduals or from relatively closely related taxa are useful
for resolving this. An example is the “CAA” motif in
helix 38'. While the majority of invertebrate and verte-
brate taxa have “CAA” (including articulate brachio-
pods [S. Stark and B. L. Cohen, personal communica-
tion] and the amphioxus [Branchiostoma; L. Daehler,
personal communication)), it is “CGA” in fish (includ-
ing nine genera of sharks [A. Martin, personal com-
munication] and lamprey).

Spiders (10 species), nematodes, and sea anemone
are unusual in not having a cytosine at the first position
of this bulge. Fungal and plant mitochondrial SSU
rRNA sequences, as well as many other prokaryotic and
eukaryotic SSU rRNAs, have cytosine at this position
(see Gutell 1994).

Nuclear copies of fragments of the mitochondrial
genome, including 12S rRNA sequences, are now being
found (for example, Lopez et al. 1994) so greater care
must be taken to authenticate mitochondrial sequences.

Deviations from secondary structural features or well-

conserved sequence motifs can have utility for identi-

fying potential nuclear copies of mitochondrial genes. A
relatively long period of time may, however, be neces-
sary for such changes to occur; the cat nuclear 12S frag-
ment (Lopez et al. 1994) cannot be distinguished from
the mitochondrial sequence on the basis of the motifs
presented here (R.E.H., unpublished observations).

Concluding Remarks

In this paper we have advocated the use of second-
ary structure information as a framework for aligning
and analyzing rRNA sequences with increased reli-
ability. Visual inspection has always been an 1mp0rtant
part of data analysis. The increasingly rapid generatlgn
of DNA sequence data and the development of mcie
sophisticated software for DNA sequence analy§s
should not detract from looking at the data before afid
during analyses (see also Lento et al. 1995).
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APPENDIX 1

Secondary structure template for domain III of an-
imal mitochondrial SSU rRNA showing conserved res-
idues and motifs. Nonconserved bases are represented
as dots (®), helix positions that are not paired in every
taxon are indicated by double dots (:), and areas of in-
sertions shown by V. Bases in capitals signify positions
conserved in all the taxa examined (excluding nematode



and sea anemone), while lowercase letters identify nu-
cleotides conserved in at least 75% of the taxa, as dis-
cussed in the text. Well-conserved (‘““dominant” in Gu-
tell, Larsen, and Woese’s [1994] terminology) guanine—
uracil pair bonds are shown boxed. Note that the se-
quence and length of helices 42, 45, 47, and 48 are
variable, but their locations can be identified by refer-
ence to conserved motifs as shown in the figure. To
easily draw a structure, locate the conserved motifs in
the sequence to be analyzed and use these as guides
when you overlay the sequence on the template.
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