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We analyzed the type and frequency of mutational
changes in hypervariable rRNA regions, using the
highly length-variable region V4 of the small subunit
rRNA locus of tiger beetles (Cicindelidae) as an ex-
ample. Phylogenetic analysis of indels in closely re-
lated species showed that (1) most indels are single
nucleotides (usually A or T and sometimes G) or di-
nucleotides of A and T. These occur at numerous foci,
and they exhibit a strong bias for duplication of 5’
single and di-nucleotide motifs but not 3’ motifs. (2)
Insertions/deletions in stem-forming regions affected
paired and unpaired bases with about equal frequency
but they did not disrupt the secondary structure. (3)
Recurring mutations involving short repeats of the
same bases caused parallel evolution of similar se-
quence motifs in the rRNA of different lineages. The
observed types of change are consistent with the pro-
postion that slippage is the main mutational mecha-
nism. Slippage-derived sequences tend to be self-
complementary, and therefore the stem-loop structure
could be self-organizing as a consequence of the under-
lying mutational mechanism. Thus, the secondary
structure in the cicindelid V4 region may be conserved
due to the dynamics of the mutational mechanism
rather than to functional constraints. These processes
may also have a tendency to produce similar primary
sequences irrespective of phylogenetic associations.
The findings have implications for sequence alignment
in phylogenetic analysis and should caution against
the use of secondary structure to improve the determi-
nation of positional homology in hypervariable
reg‘ions. © 2000 Academic Press
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INTRODUCTION

Extreme length variation and differences in rates of
nucleotide variation frequently compromise the utility
of ribosomal DNA (rDNA) in phylogeny reconstruction
(e.g., Aguinaldo et al., 1997; RuizTrillo et al., 1999;
Whiting et al., 1997). The molecular processes that lead
to the idiosyncratic variation of rRNA molecules are
poorly understood, but their investigation could poten-
tially be of great help in phylogenetic reconstruction.
Core regions of rRNA appear to evolve primarily by
point mutations [in most eukaryotes, in the context of
homogenization of the rDNA multigene family by con-
certed evolution (Dover, 1982)]. In contrast, much of the
sequence variation in the variable regions is considered
to be the result of “slippage” (Hancock and Dover, 1988,
1990; Nunn et al., 1996; Vogler et al., 1997), a muta-
tional process involving the mispairing of the DNA
duplex during replication (Levinson and Gutman, 1987).
Whereas slippage presumably leads to the abundance
of simple sequences in eukaryotic genomes (Hancock,
1995; Levinson and Gutman, 1987), the incorporation
of slippage-derived DNA sequences into rRNA genes
appears to be constrained by the need for maintaining a
secondary (and tertiary) superstructure required for
rRNA function in the ribosome. The putatively slippage-
derived indels could disrupt secondary structure fold-
ings of rRNA molecules unless insertions and deletions
in one strand of a paired structure were compensated
by similar length variation in the second strand. Such
compensation (“compensatory slippage” of Hancock and
Dover, 1990) has been attributed to selection for the
maintenance of Watson—Crick pairings between partici-
pating secondary structural elements.

The apparent need for the preservation of secondary
structures is also reflected in a tendency for covariation
of intramolecularly paired bases. The analysis of co-
variation made an important contribution to current
structural models (Gutell et al., 1994). These models
have been used in phylogenetic reconstruction to aid
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DNA sequence alignment and have been claimed to
improve the assignment of nucleotide homology over
those based on primary sequence alone (Hickson et al.,
1996; Kjer, 1995; Morrison and Ellis, 1997; Titus and
Frost, 1996). The rationale for this claim is that the
conservation of a functionally constrained secondary
structure permits recognition of homologous regions of
the molecule even if they have undergone nucleotide
changes to an extent that similarity at the level of the
primary sequence is erased. Therefore, secondary struc-
tures are considered a better indicator of common
ancestry than the (presumed more variable) primary
sequence.

By causing length variation and increased levels of
repetitiveness, slipped-strand mispairing would affect
the secondary structure and functional properties of
rRNA molecules, but the way in which this mutational
mechanism affects rRNA evolution has not been inves-
tigated in detail. For example, the sequences investi-
gated in an early study (Hancock and Dover, 1990) were
too distant evolutionarily to allow detailed comparisons
of the gain and loss of repetitive sequences and their
contribution to the evolution of secondary structure.
We recently investigated the variable region V4 of the
SSUrRNA of tiger beetles (Coleoptera: Cicindelidae)
with respect to its phylogenetic information content
(Vogler et al., 1997) and secondary structure (Hancock
and Vogler, 1998). This region is highly expanded
compared to closely related coleopteran groups, possi-
bly due to the action of slippage, and is therefore suited
to this type of analysis. We analyzed the kind and
frequency of mutational changes in this variable region
of TRNA, as a first step toward characterizing the
contribution of slippage to rRNA evolution.

MATERIAL AND METHODS

DNA Sequence Alignment and Definition
of Indel Regions

From an existing data base that included 27 ingroup
taxa and representatives of all major groups in the
Cicindelidae (Vogler et al., 1997) (Fig. 1), we studied
individual insertion/deletion events in four small clades
of DNA sequences that could be aligned unambiguously
over most of their length. These were (A) Cicindela
repanda/C. dorsalis/C. equestre, (B) Cenothyla consob-
rina/Odontocheila confusa/O. cayennensis/Pentaco-
mia rugipennis/ Pometon singularis, (C) Physodeutera
alluaudi/ Peridexia fulvia, and (D) Pseudoxycheila bi-
pustulata/Oxycheila nigroaenea. Character changes in
this region can be assessed based on a tree that was
derived independently from the less alignment-vari-
able V2 region of the same molecule and mitochondrial
16S rRNA (Vogler and Pearson, 1996); this tree was
also the basis for the establishment of groupings A
through D. None of the more distantly related se-
quences of the V4 region could be aligned unambigu-
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ously, given the criteria set out below, and therefore had
to be excluded from the analysis.

Starting with the published global alignment (Vogler
et al., 1997), the focal sequences were realigned to
reflect homology (common ancestry) between close rela-
tives (Fig. 2). Homology assignment of nucleotide posi-
tions was based on sequence similarity. Equating simi-
larity with homology is a reasonable assumption in this
case, given that the sequences in each of the four clades
had been shown to be closely related, based on indepen-
dent sequence data: following De Pinna (1991) and
Brower and Schawaroch (1996), similar sequence mo-
tifs represent synapomorphies and thus homologies of
the respective clade. As the criterion for the identifica-
tion of homologous insertion/deletion motifs based on
similarity, we (arbitrarily) required that insertions/
deletions (present in at least one species of the focal
clade) had to be bound by motifs on both 5" and 3’ sides
that were identical between all species at two out of
three positions in the multiple alignment. The motif
bounded by these regions was termed the “indel motif.”
By applying this criterion we could be confident that
indels were defined consistently, but we do not exclude
the possibility that other alignments and indel defini-
tions could be derived for the same set of sequences.
Where the indel motifs at a particular position differed
between species (labeled # in Fig. 2), no attempt was
made to align them or to attribute character state
transformations between them, because of the diffi-
culty of inferring multiple insertion/deletion events.

Secondary Structure Predictions

Mapping of indels onto the secondary structure was
carried out based on a secondary structure model
proposed previously (Hancock and Vogler, 1998), estab-
lished with the use of the MFOLD algorithm (Jaeger et
al., 1990; Zuker, 1989, 1994; Zuker et al., 1991) and taxo-
nomic comparisons. Because of the large differences in
the primary sequence in different cicindelid species, in
particular in the region of stem IT (Hancock and Vogler,
1998), secondary structures were modeled for each of
the taxa. All secondary structure analyses using the
MFOLD algorithm were carried out using the MFOLD
server at http://mfold1.wustl.edu/~mfold/rna/form1.cgi.
All structures falling within the 10% window of stabil-
ity predicted by the program were retained. As well as
the predicted structures, values of P-num (the number
of bases with which each base in the sequence paired in
the optimal and all suboptimal structures with esti-
mated stabilities within 10% of the optimal structure)
and S-num (the equivalent measure of the number of
occasions on which each base was unpaired in the same
set of structures) were recorded for all bases. P-num
values were used to calculate H-num for the optimal
helical structure, where for any predicted base pair

H-num (i, j) = P-num (i) + P-num (j) — 1
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analysis of sequence variation in this study, Clades A-D, are marked by vertical bars.

for a pair of bases i and j (Zuker and Jacobson, 1998).
For a predicted helix, H-num is then the mean H-num
for all predicted base pairs.

RESULTS

A total of 44 indels that conformed to the criteria
outlined above were included in the analysis (Fig. 2). Of
those, the most common classes of indel involved
singlets or doublets of A or T (27 of 44 changes, 61%)
(Table 1). Other types observed more than once were
insertion/deletion of G (4 changes, 11%) and AT or
multiples thereof (3 changes, 8%), whereas only 5
indels involved more complex motifs, some of which
also included repetitive tracts of mono- and dinucleo-
tide motifs.

Slippage should result in duplication of motifs imme-
diately adjacent to inferred indel motifs. We therefore
scored indels for whether they were duplications of
motifs lying immediately 5’ or 3’ to them; 23 of the 44
indel motifs (52%) were in fact identical to the motif

immediately 5’ to them. In addition, 2 indels, indel 12
of clade A (G inserted/deleted) and indel 2 of clade B (T
inserted/deleted), gave rise to an elongation of a neigh-
boring tandem repeat. Two of the longer and more
complex indels [(TA); in indel motif 7 of clade C and
(TA),G in indel motif 3 of clade B] were also essentially
duplications of the 5’ adjacent motifs. Because the
probability of flanking nucleotides being identical to
indel nucleotides is high, especially for A or T indels in
an AT-rich sequence, the frequencies with which A and
T indels were found associated with different bases 5’
and 3’ to them were subjected to x2 analysis. Expected
frequencies were calculated based on the base composi-
tion of the total data set, by calculating first the
frequencies for each of the four clades of Fig. 1 and then
using the summed base frequency over all clades
(clades A though D of Fig. 1) as expected values in the
overall x2 test. Observed frequencies of A and T indels
being adjacent to identical bases (either 5’ or 3') were
8/13 and 12/14, respectively, compared to expected
values of 4.16 and 5.87. This gave a x2 of 15.77 and P =
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FIG. 2. Alignments of the stem II region from Clades A-D. Indel regions are boxed and numbered for each clade. Indels marked with a #
could not be represented unambiguously as single insertion/deletion events and were ignored in subsequent analyses.
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TABLE 1
Types of Indel Motif Observed

Clade Clade Clade Clade
Motif A B C D Total
A 8 1 2 1 12
AA 1 1
T 2 3 3 8
TT 2 1 1 2 6
G 1 1 1 3
GG 1 1
AT 1 1
TA 1 1
(TA)3 1 1
CA 1 1
TG 1 1
ATT 1 1
TTA 1 1
CTC 1 1
CoTy 1 1
(AT),G 1 1
To(AT), 1 1
TA(TG)sTT(GT)q 1 1
ToACAT(AC)3A2To(AT)2 A 1 1
Total 15 14 9 6 44

3.8 X 1074 (2df ). Thus, there was a clear overrepresen-
tation of duplicated motifs in the indel regions. This is
expected if slippage mechanisms are involved in gener-
ating this sequence variation.

We also investigated the effect of base changes with
respect to their secondary structure interactions. A
prerequisite for the analysis of intramolecular pairings
is a good understanding of the secondary structures of
the molecules under comparison. According to previous
MFOLD analysis, the predicted secondary structure for
the part of the V4 region under investigation here in
each case corresponds to a single long stem—loop struc-
ture (Hancock and Vogler, 1998). However, because of
the inherent uncertainties of rRNA secondary predic-
tions, we further investigated the properties of these
MFOLD structures by characterizing all suboptimal
structures falling within the 10% window of stability
predicted by the program. All sequences except that for
P, singularis (Clade B) formed only a single structure
within this window, indicating that the structures of
these regions are mostly “well-determined” (i.e., they
are of substantially lower energy than suboptimal
foldings obtained from the same sequences) (Zuker and
Jacobson, 1995, 1998). We further determined the
mean value of the parameter H-num (Zuker and Jacob-
son, 1998) for these structures, which represents the
potential for ambiguity of formation of base pairs. A
value of 1 for H-num indicates that each base in a
structure, on average, pairs with only one other base
within the set of most stable structures defined by
MFOLD, a value of 2 that they pair on average with two
bases, and so on. Low values of mean H-num indicate a
high probability of the structure being correct and of
being observed in covariation analysis (Zuker and
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Jacobson, 1998). For our set of sequences, mean H-num
values varied between 1.145 (for C. consobrina) to 2.431
(for P. singularis) with an overall mean of 1.394 (SD
0.358). Based on these analyses, it was concluded that
the structures were predicted with sufficient certainty
that they could be used to investigate the effects of
indels on the RNA secondary structure of this region.
The P. singularis sequence was an exception and was
excluded from further analysis.

The degree of pairing for the indel bases was scored
based on two parameters calculated by MFOLD: P-
num, which indicates the degree of ambiguity of base
pair formation for a particular base (where P-num = 1
if a base forms only one base pair in the set of most
stable structures), and S-num, which represents the
frequency with which a base is paired (S-num = 0) or
single stranded (S-num > 0). The mean value of P-num
for all indel bases was 1.333, while that for all bases in
all sequences except that for P. singularis was 1.075,
indicating that pairing of indels tended to be more
ambiguous than that of conserved bases. The mean
S-num score for indel bases was 0.379 compared to a
mean for all bases of 0.226, indicating a higher than
average propensity for indel bases to be unpaired.
Scoring indel bases for pairedness (S-num = 0) or
single-strandedness (S-num > 0) on the predicted struc-
tures showed that 36 of 58 indel bases (i.e., the total
number of bases found in the 44 indels scored) were
paired (62%).

In addition to these summary statistics, we were also
interested in the state of pairedness of indel motifs in
sister taxa comparisons. Each insertion/deletion event
was classified according to whether the site at which it
occurred (i.e., the bases flanking the indel) was paired
or unpaired and whether the indel motif was paired or
unpaired in the species in which it was present. In
cases in which indels were more than a single base long
and different bases in the inserted sequence showed
different states of pairedness, the score for that site was
divided among the different segments of a contingency
table in proportion to the numbers of bases in the
different categories. Thus, each indel made an equal
contribution to the final analysis, although they may in
fact have resulted from more than one event. These
calculations resulted in the following findings: in ap-
proximately 50% of cases (21.88/44) the pairing state of
the region was the same whether or not the inserted/
deleted sequence was present. Of these cases, 73%
(15.87) occurred in paired regions. The numbers of sites
paired in the absence of the indel motif but unpaired in
its presence (i.e., sites which would be disrupted by an
insertion event; 10.08/44 = 23%) and unpaired in the
absence of the motif but paired in its presence (i.e., sites
stabilized by an insertion event; 11.29/44 = 26%) were
approximately equal. Thus, about half of the insertion/
deletions had no effect on the secondary structure of the
region in which they occurred, and of those that did
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affect structure, approximately equal numbers tended
to create and destroy base pairing.

DISCUSSION

The Effects of Slippage on rRNA Evolution

Phylogenetic analysis of the V4 region indicated that
most of the observed mutational changes affect mono-
and di-nucleotide repeats, which can be understood as
duplications of the bases 5’ to them. This observation is
consistent with slippage as the underlying mechanism
for the generation of indels in these sequences. A
degradation of strictly duplicated motifs is to be ex-
pected as a result of point mutations in and adjacent to
indels but we cannot exclude the possibility that other
(unknown) processes that do not depend on identity
between inserted and flanking bases also play a role in
generating these indels.

Most indel bases appeared to be involved in base
pairing within stems, but their pairing partners were
identified by MFOLD as being more ambiguous than
the pairing partners of non-indel bases, and a higher
proportion of them were unpaired than was the case for
bases in the structure overall. Thus, although our data
indicate that indels are incorporated into stable second-
ary structures, it is also clear that many indels disrupt
structures. This observation is of general importance,
as this suggests that pairedness is not a strongly
conserved feature; studies that compare the rate of
changes in stems and loops or bulges (e.g., Vawter and
Brown, 1993) need to take into account the fluid nature
of the state of pairedness when changes in the primary
sequence occur and the general ambiguity of predicting
pairedness in indel-prone regions.

However, the incorporation of unpaired indels, de-
spite upsetting the state of pairedness locally, does not
seem to disrupt the overall secondary structures. This
is due to the incorporation of indels at multiple foci,
which have a tendency to compensate for the local
disruption of pairings. The patterns of sequence varia-
tion therefore suggest a two-phase model of incorpora-
tion of indels into variable-region secondary structure,
whereby indels first affect single-stranded regions and
then become incorporated into double-stranded regions
after the generation of base complementarity by subse-
quent slippage-derived or other point mutations (Fig.
3). The overall effect of this would be a pattern de-
scribed previously as compensatory slippage (Hancock
and Dover, 1990). Whereas most cases in our data set
conform to the examples in Fig. 3, in which small mono-
or di-nucleotide motifs are incorporated, in the P.
singularis sequences two long indels pair with one
another (Fig. 4). It is conceivable that these more
complex indels also derive from very few mutational
events.

If, as our findings suggest, a significant amount of
slippage-derived variation is not compensatory and
indels frequently disrupt the stem—loop structure, this
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calls into question the assumption that selection is
responsible for the conservation of secondary structure
in this region, at least at the level of individual base
pairs. Nonetheless, the secondary structure of the V4
region appears to be well maintained across cicindelids.
Gerbi (1986) suggested that the conservation of second-
ary structural elements within variable rRNA regions
is not necessarily an indication of a functional role. Our
findings raise the possibility that this conservation
could be a direct consequence of the mutational bias
due to slippage and that the stem-loop structure
undergoes neutral or near-neutral variation. The bases
most often found in indels in these sequences (A and T)
are also those most often found in noncoding regions in
eukaryotic genomes and are those most likely to un-
dergo slippage (Hancock, 1995). Repetitive motifs are
also similar throughout the slippage-prone region, and
the incorporation of bases into these sequences obvi-
ously occurs at multiple foci. Because of this pattern of
variation, an overall self-complementarity of the se-
quence can result, which could lead to a high level of
intrahelical pairing of bases regardless of the exact
primary structure (Fig. 3). Secondary structure could
therefore form as a by-product of the underlying muta-
tional processes and not as the result of selection (for
functional stem-loop elements or otherwise). Thus,
secondary structure formation becomes an intrinsic,
self-organizing property of single-stranded RNA mol-
ecules.

Mutational biases of this kind should not only nar-
rowly affect a particular region of a small part of the
gene but would have implications for the evolution of
the entire molecule. One of the striking features of
sequence variation in rRNA genes is the difference in
the level of sequence divergence in the conserved core
regions (the regions also present in prokaryotic rDNA)
and the more variable expansion segments. In addition
to the V4 region, which is the most variable, there are
only two other regions in the molecule that exhibit high
levels of sequence variation in Coleoptera, the variable
regions V2 and V7. Both form a stem—loop structure
according to minimum-energy predictions, and a pre-
liminary assessment of the sequence variation indi-
cates patterns of variation in primary sequence and
secondary pairing structures generally similar to those
described for V4. In contrast, the core regions exhibit
very little variation (in length and nucleotide sequence)
within the Cicindelidae and therefore no analysis of the
mutational variation is possible. However, the evolution-
ary dynamics of core regions and variable regions may
not be entirely independent. The rate of sequence
evolution observed in the variable regions in the Cicin-
delidae is much elevated in comparison to the closely
related Carabidae. This increased rate is not limited to
the variable regions, however; when these highly vari-
able regions are eliminated from phylogenetic analysis
that includes a wide range of related families in the
coleopteran suborder Adephaga, the Cicindelidae are
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FIG. 3. Models for the effect of slippage on the secondary structure of a stem—loop structure in rRNA. (A) Compensatory slippage may
result from two independent slippage events which have a high chance of being self-compensatory in sequences with strong bias in base
composition. (B) Slippage may enlarge loop regions preferentially. The new sequences produced in this way may become incorporated into
stem regions as a result of subsequent point mutations. Newly incorporated bases are underlined.

still very divergent (V. Shull and APV, unpublished),
indicating that mutational biases can also affect se-
quences that are functionally highly constrained.

Implications for Phylogeny Reconstruction

Lack of covariation of indel motifs at different foci in
the stem—loop regions of variable regions would reduce
the problem of nonindependence in phylogenetic recon-
struction (see Hillis and Dixon, 1991; Vawter and
Brown, 1993; Wheeler and Honeycutt, 1988). Nonethe-
less, slippage-derived character variation is likely to
result in potentially misleading phylogenetic signal.
The prevalence of certain types of character changes,

confined to a limited number of sites in the primary
structure, is likely to produce high levels of homoplastic
variation, and even rather large indels which would
appear unlikely to arise multiple times by chance may
not be free of homoplasy (Fig. 4). If homoplastic charac-
ter changes affect variation only locally and result in
the recurring gain and loss of repeat motifs in particu-
lar positions, this would simply produce stochastic
“noise” as seen in other types of sequence data. How-
ever, slippage-derived mutations and their tendency to
repeat existing sequence motifs are likely to favor
certain types of motifs throughout a larger DNA region
(Hancock, 1995; Hancock et al., 1999), exacerbating
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FIG. 4. Predicted minimum-energy secondary structure for the
central part of the P. singularis V4 region. The labeled regions of
sequence correspond to indels B6 and B9 in Fig. 2.

existing biases in base composition. For example, repeti-
tion of short sequence motifs downstream from existing
bases at multiple foci is likely to reinforce any existing
bias in the overall GC content or may result in an
increased level of simplicity throughout a DNA se-
quence. If several regions in a gene (or even unliked
parts of the genome) are affected by these mutational
processes, a similar bias in GC content, degree of
repetition, and sequence composition should arise. This
possibility would also explain a common AT bias in
different length-variable regions of an rRNA molecule
(Hancock and Dover, 1988). For example, the V2 and V4
regions (Hancock and Vogler, 1998), as well as the
highly length-variable V7 region (unpublished data) of
cicindelids, are all highly AT biased, whereas the AT
content of the intervening (length-invariable) regions is
lower. Whether or not such biased sequence composi-
tion is due to a common phylogenetic history or is the
result of homoplastic variation is frequently the cause
of contention over the interpretation of phylogenetic
data (Whiting, 1998).

Finally, these results have implications for the align-
ment of rDNA sequences, which is often guided by the
position of nucleotides in a secondary structure ele-
ment predicted from minimal-energy base pairings
(e.g., Hickson et al., 1996; Kjer, 1995). The rationale for
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the use of secondary structure in the homology assign-
ment is usually that the secondary structure is largely
fixed and can therefore provide a “template” (e.g.,
Hickson et al., 1996) to which to fit novel sequences for
establishing homology. This is a problematic sugges-
tion, as this procedure does not take into account the
possibility that stems transform into loops and vice
versa as the primary sequence changes. As our data
confirm, this is, however, a common outcome of se-
quence variation, but it is not usually tested with the
help of explicit algorithmic procedures (in contrast to
procedures for alignments based on primary structure).

The use of secondary structure “models” as guides for
sequence alignment could possibly be justified if these
structures were conservative as the result of evolution-
ary processes that maintain them. However, the finding
of a mutational process (slippage) that may be agnostic
with respect to secondary structure, at least in the most
length-variable and alignment-ambiguous parts of the
sequence, makes this proposition problematic for pre-
cisely those regions for which it would in principle be
most applicable. If secondary structure in these regions
is merely an incidental result of the variation in
primary structure, its inclusion in the phylogenetic
analysis does not add another level of confidence to
evaluating which bases are homologous between taxa.
In addition, if regions aligned according to secondary
structure are predominantly the product of nonhomolo-
gous parallelisms, their phylogenetic information con-
tent is low (and the laborious determination of second-
ary structure alignment will not aid phylogeny
reconstruction to any significant extent).

In conclusion, the study of indels in length-variable
rRNA regions of cicindelids revealed strong bias in type
and position of the mutational events that are gener-
ally consistent with a slippage-driven process. Because
highly stable stem—loop structures will form as a result
of these mutational processes, the existence of stable
secondary structures does not necessarily constitute
evidence of selection. It will be a challenge to take
slippage-derived sequence variation into account when
selecting alignment protocols, especially those based on
secondary structure predictions. Similarly, slippage-
like variation leads to strong bias in types and rates of
base changes and indels; this may result in parallel-
isms in primary and secondary structures which mis-
lead phylogenetic reconstruction.
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Note added in proof: In a recent study, E. A. Schultes, P. T. Hraber,
and T. H. LaBean (“Estimating the contribution of selection and
self-organization in RNA secondary structure,”J. Molec. Evol. 49:76—
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83) conclude that most of the conformational structure of functional
RNAs “results not from evolutionary optimization but from con-
straints imposed by rules intrinsic to RNA polymer folding.” Using
random permutations of natural RNA sequences, their study also
provides evidence for self-organization of complex secondary struc-
tures in single stranded RNAs, due to the minimization of un-
favorable interactions in stable structures, and thus underscores the
limited evolutionary relevance of these structures.
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