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Abstract
The robustness of different hypothetical structural
models for ribosomal RNAs can be established by
comparing sequences from widely different taxonomic
groups. Secondary structure models of the two mitochondrial ribosomal subunits have been proposed for
a large number of pterygote insects, but little information
is available for the more ancient entognath hexapods.
We have investigated the most frequently sequenced
of the four domains of the mitochondrial small subunit
rRNA in twenty-two collembolan species in the taxon
Arthropleona. We provide secondary structure models of
this third domain for representative species, and a consensus based on all species studied. This consensus
is in partial agreement with previous models. High levels
of variation, in terms of length and of primary sequence,
are present in the peripheral portions of the domain.
Some of the structural elements differ more among
genera of springtails than among insect orders.
Conversely, a limited number of structural differences
compared with other taxa have been detected in the
core regions.
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secondary structure, Arthropleona, alignment, A + T
bias, conserved motifs.

Received 25 July 2004; accepted after revision 11 August 2004. Correspondence: Dr Antonio Carapelli, Department of Evolutionary Biology, University of Siena, Via A. Moro 2, 53100, Siena, Italy. Tel.: +39 0577 234417/
234398; fax: +39 0577 234476; e-mail: carapelli@unisi.it

© 2004 The Royal Entomological Society

Introduction
Secondary structure models have proliferated over the
past decades in conjunction with the increasing number of
molecular phylogenetic studies based on ribosomal RNA
(rRNA) sequences. An essential part of these phylogenetic
studies is a reliable sequence alignment (Swofford et al.,
1996). Unlike protein coding genes, where the arrangement of sequences in codons helps to refine the alignment,
homologous nucleotides of rRNA sequences are generally
more accurately aligned using structural information (Simon
et al., 1994; Kjer, 1995; Hickson et al., 1996; Buckley et al.,
2000; Page, 2000; Xia et al., 2003; Kjer, 2004). Although
the structure of the small subunit ribosomal RNA (SSU
rRNA) has now been confirmed by crystallographic information (Gutell et al., 2002), details of mitochondrial rRNA
structure are still usefully investigated because they may
differ from those of the eukaryote nuclear and prokaryote
SSU rRNA especially in peripheral regions (Hickson et al.,
1996).
Many automated programs have been developed to align
DNA sequences. Their performance relies on the use of different strategies to handle gap penalties and costs in the
alignment. Unfortunately, owing to different selective pressures acting on specific structures or nucleotides and the
variability of indel length in rRNA, these parameters cannot
be established with certainty. In addition, nucleotide composition and sequence lengths may vary considerably
between distantly related taxa. Thus the performance of
automated programs is greatly reduced when structural
information is ignored (Hickson et al., 2000). Among distantly related taxa, structural motifs are more conserved
than primary sequence. Thus, the alignment of rRNA genes
and the reconstruction of their secondary structure should
be performed simultaneously through an iterative process
(Gutell et al., 1985; Kjer, 1995).
Structural models for the mitochondrial SSU rRNA (12S)
have been proposed for a wide range of taxa (Gutell et al.,
1985, 1994, 2002; van de Peer et al., 1994). Hickson et al.
(1996) presented a review and synthesis of models proposed for the frequently sequenced domain III of the 12S
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Table 1. List of species of arthropleonan Collembola used in this analysis
Superfamily

Family

Taxon

Collection Locality

Accession number

Entomobryoidea

Actaletidae
Entomobryidae

Spinactaletes calcalectoris
Coecobrya tenebricosa
Dicranocentrus marias
Homidia socia
Lepidocyrtus paradoxus
Pseudosinella violenta
Sinella sp.
Desoria sp.
Hydroisotoma schäfferi
Isotoma klovstadi
Isotoma viridis
Isotomurus hadriaticus
Isotomurus maculatus
Proisotoma minuta
Salina tristani
Trogolaphysa jataca
Tomocerus flavescens

Aguadilla, Puerto Rico, USA
Homer, Illinois, USA
Mayagüez, Puerto Rico, USA
Urbana, Illinois, USA
Urbana, Illinois, USA
Grinnell, Iowa, USA
Urbana, Illinois, USA
Urbana, Illinois, USA
Radi (SI) Italy
Radi (SI) Italy
Urbana, Illinois, USA
S. Vitale (RA) Italy
Radi (SI) Italy
Urbana, Illinois, USA
Mayagüez, Puerto Rico, USA
Mayagüez, Puerto Rico, USA
Urbana, Illinois, USA

AY652982
AY652983
AY652984
AY652985
AY652986
AY652987
AY652988
AY652990
AY652991
AY652992
AY652993
AY652994
AY652995
AY652996
AY652997
AY652998
AY653003

Hypogastrura packardi
Protaphorura armata
Tetrodonthophora bielanensis
Tullbergia sp.
Podura aquatica

Urbana, Illinois, USA
Radi (SI) Italy
Monte Bondone (BE) Italy
Urbana, Illinois, USA
Homer, Illinois, USA

AY652989
AY653000
AY653001
AY653002
AY652999

Isotomidae

Paronellidae
Tomoceridae
Poduroidea

Hypogastruridae
Onychiuridae

Poduridae

rRNA based on a comparative study of 184 invertebrate
and vertebrate sequences. Domain III, one of four domains
of the 12S gene, is a mosaic of highly conserved fragments,
interspersed among hypervariable segments where fewer
sites can be aligned with confidence (Simon et al., 1994;
Hickson et al., 1996). A large number of mitochondrial
sequence comparisons (including comparisons of close
relatives) allowed Hickson et al. (1996) to refine previous
models proposed by Gutell et al. (1985), Huysmans & de
Wachter (1985) and van de Peer et al. (1994). The existence of conserved motifs is detected by comparative analysis and is the basis of the iterative approach to fit new taxa
into existing models. Automated strategies, such as those
proposed by Corpet & Michot (1994) and Page (2000) use
as guidelines a 12S alignment and a structure model to
generate the secondary structure of new sequences (available at http://darwin.zoology.gla.ac.uk /cgi-bin/rna.pl).
The occurrence of peculiar structural features within
restricted taxonomic groups may negatively influence the
alignment of larger data sets (Page, 2000). Therefore, due
to the considerable insect diversification, it seems more
appropriate to provide general models of rRNA structures
for restricted taxonomic groups and their closest allies.
These models include detailed information concerning the
occurrence of conserved sequence motifs in order to facilitate the alignment of new sequences (Buckley et al., 2000).
This paper proposes a general secondary structure
model for the third domain of the mitochondrial SSU rRNA
based on the study of twenty-two collembolan species from
the taxon Arthropleona (Table 1). Collembola are among
the first terrestrial hexapods to appear on the Earth, at

about 400 Ma (Whalley & Jarzembowski, 1981). Although
traditionally considered as a basal taxon of the Hexapoda
(i.e. Kristensen, 1981), recent molecular data suggest a
more distant relationship with insects (Nardi et al., 2003).
Regardless of their correct phylogenetic placement within
Pancrustacea, the comparison of these sequences with
those available for insects may help to provide a broader
and more accurate picture of the evolution of the secondary
structure of invertebrate 12S rRNA.
Results and Discussion
Secondary structure reconstruction
A detailed description of the secondary structure for each
region of 12S domain III is provided in conjunction with
diagrams depicting the inferred structure in some selected
species from arthropleonan families (Fig. 1a–c). All remaining
structures are available at http://www.unisi.it/ricerca/dip/
collemboli/12s-arthropleona.htm. Comparisons between
different structures are integrated with data regarding the
presence of compensatory substitutions, degree of conservation of bases and the location of possible paired positions
(Fig. 2). Despite attempts to identify helical structure for each
hypervariable region, peripheral portions of the domain cannot
generally be aligned with confidence, and represent regions
where multiple substitution and/or slippage events (Hancock,
1995) have occurred. Helical identification is complicated
by the presence of a high degree of variability in sequence
length (varying from 254 to 291 base pairs, Table 2), and in
certain circumstances presumably homologous nucleotides
are part of alternative helices in different species (Fig. 2).
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Figure 1. Drawings of the secondary structure of domain III (12S rRNA) in selected genera of the Arthropleona: (a) Coecobrya tenebricosa; (b) Isotomurus
maculatus; (c) Hypogastrura packardi. (d) Consensus structure template obtained by a comparison of the twenty-two sequences analysed. Frequencies of
nucleotides or purine–pyrimidine bases are represented as in Fig. 2. Dots identify hypervariable positions. Possible invariant AA, AG interactions are highlighted
with beads. Capital and lower case letters are as defined in Fig. 2.

A general consensus structure template showing
conserved residues and motifs is proposed (Fig. 1d). Helix
numbering follows Hickson et al. (1996). Bases involved
in helical bonds are numbered in the text according to the
5′→3′ sense, and specific paired bases are numbered from
5′ to 3′ of the ascendant part of helices. Secondary structure reconstruction is performed allowing two different
types of pairings: (1) Watson–Crick bonds (WC: A↔U and
G↔C); (2) noncanonical, but stable purine–pyrimidine non-

Watson–Crick interactions (NWC: A↔C and G↔U). Alternative pairings, such as A↔A and G↔A bonds, may also
occur (Freier et al., 1986; Gutell et al., 1994; Elgavish et al.,
2001), but their identification requires detailed investigation
based on covariation analysis of a large data set, such as
that by Gutell et al. (2002).
Helix 32. Helix 32 is only partially reconstructed given the
lack of information at the very 3′ end of the rRNA segment.
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Table 2. Nucleotide composition and primary sequence length for the
twenty-two taxa under study

Taxon

A

C

G

T

No. of
sites

Spinactaletes calcalectoris
Coecobrya tenebricosa
Dicranocentrus marias
Homidia socia
Lepidocyrtus paradoxus
Pseudosinella violenta
Sinella sp.
Hypogastrura packardi
Desoria sp.
Hydroisotoma schäfferi
Isotoma klovstadi
Isotoma viridis
Isotomurus hadriaticus
Isotomurus maculatus
Proisotoma minuta
Salina tristani
Trogolaphysa jataca
Podura aquatica
Protaphorura armata
Tetrodontophora bielanensis
Tullbergia sp.
Tomocerus flavescens
Mean

0.31
0.34
0.35
0.37
0.36
0.37
0.36
0.35
0.36
0.34
0.35
0.33
0.33
0.34
0.35
0.33
0.35
0.39
0.43
0.40
0.36
0.36
0.36

0.11
0.07
0.07
0.08
0.09
0.08
0.08
0.07
0.08
0.12
0.10
0.10
0.09
0.11
0.08
0.13
0.06
0.06
0.06
0.08
0.09
0.09
0.09

0.18
0.16
0.13
0.13
0.15
0.14
0.16
0.12
0.15
0.16
0.15
0.15
0.16
0.16
0.16
0.17
0.16
0.18
0.15
0.16
0.14
0.13
0.15

0.39
0.44
0.44
0.41
0.40
0.41
0.39
0.45
0.40
0.37
0.40
0.42
0.42
0.39
0.39
0.36
0.42
0.36
0.35
0.36
0.40
0.42
0.40

275
261
280
256
254
260
268
260
283
267
266
274
266
269
273
269
259
277
277
274
291
279
270

It is generally composed of twelve paired bases and usually
initiated by the conserved motif ‘ugGCGGU’ (the last ‘G’ is
part of a bulge) observed in the ascendant portion of the
two halves (see Fig. 1). The helix frequently ends with an
A–U pairing, which is preceded in the upstream strand by
a stretch of Us. Helix 32 is generally bounded (at least in
75% of the cases) by a single, unpaired, ‘C’ at the base of
the descendant (downstream) portion (Fig. 1d).
Helix 33. This helix is part of the backbone of domain III and
it joins two large unpaired regions. The number of nucleotides included in this helix varies from four to five. Variation
in pair-forming nucleotides is restricted to the proximal end
of the helix (Fig. 2). Pairings in positions 2, 3 and 5 are always
composed of a purine – pyrimidine bond, whereas an invariant
G·U NWC bond is located in the fourth of the five putative
pairings. The upper limit of the helix, defined by two invariable stretches of unpaired sequences (‘GG’ and ‘GGA’),
greatly helps the alignment and clearly defines this region.
Helix 34. This internal helix is one of the most conserved
of the entire domain III. In our data set, of the ten bonds that
compose the helix, paired bases 1, 2, 5 and 6 are invariable, while the others always establish purine–pyrimidine
interactions (see Fig. 1). Bonds 5 and 6 represent invariant
G·U and U·G pairs, identified in 100% of the analysed
sequences. Despite the presence of NWC bonds, the pairings observed in positions 5 and 6 of helix 34 are also considered very stable within the Metazoa. In the descendant

half of the helix, a single base bulge, usually an ‘A’, is
present between paired positions 8 and 9 as in most
sequences examined by Hickson et al. (1996). The occurrence of compensatory substitutions in six out of ten helical
positions (the remaining four are composed of four invariant
bonds), in a restricted number of taxa, is strong evidence in
favour of the presence of pairings in this core region of
domain III (Fig. 2).
Helix 35. This hairpin is frequently composed of four paired
bases on each side, the last two of which are supported by
compensatory substitutions (Fig. 2) and tend to establish
more stable bonds than the others (i.e. always a purine–
pyrimidine interaction in the most distal pairing). The whole
stretch, including the hairpin loop, is quite stable in terms of
sequence length; only the genus Lepidocyrtus has additional bases (two) in this loop (see Fig. 2). Of the
sequences examined by Hickson et al. (1996), only sea
anemone had more than eight bases. This conservation is
probably due to functional constraints derived from the role
played by hairpin 35 as a protein binding site (Simon et al.,
1990). In Podura aquatica a 4 bp long hairpin can be drawn
if we assume a G–A bond in the most basal part of the helix.
The occurrence of a 2 bp long (instead of 4 bp) hairpin has
been nevertheless reported for other hexapods [i.e. Drosophila yakuba (Page, 2000), Columbicola columbae
(Page et al., 2002)], other arthropods, such as the brine
shrimp, and various onycophorans (Hickson et al., 1996).
Helix 36. The ascendant half of helix 36, frequently preceded by a conserved adenine, is generally involved in
seven bonds with the descendant part. Of these pairings,
the first is always a ‘C’ (with the exception of Tomocerus flavescens), which binds with ‘G’ (frequently), ‘U’ (in Homidia
socia, Spinactaletes calcalectoris and Isotoma viridis) or ‘A’
(in Salina tristani). The first bonds of this helix are more
constant. A double purine–pyrimidine bond is always
present at the beginning of the helix (see Fig. 1d). The
ascendant part of this helix can be more accurately aligned
than the descendant one, because it is defined by two
larger single-strand segments. Pairings between bases are
supported by compensatory substitutions (five out of seven
compensatory changes observed).
Helix 38. This helix is generally composed of thirteen
paired bases intercalated by single, double or triple base
bulges (Fig. 1). Seven out of thirteen bases on the 5′ end
form an invariable ‘UUAUAUA’ motif. Another invariable
motif (‘GGUNUA’) is part of the 3′ end (Fig. 1d). Although
helix 38 is generally composed of a very conserved primary
sequence, disagreement exists in the folding of bases. Different structures have been proposed for this internal helix
(Gutell et al., 1994; Hickson et al., 1996; Page, 2000). Each
of the competing models appears to bond equally well in
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Figure 2. Alignment and secondary structure features of domain III of arthropleonan 12S rRNA. Ascendant and descendant part of helices are listed above the alignment, paired regions are shaded and gapped
positions are represented with dashes. Conserved regions are highlighted with double underlined cells. An ‘X’ above the alignment indicates positions whose nucleotides are part of alternative helices in different
species. Compensatory substitutions are indicated with ‘cs’ below the alignment. A consensus sequence of the twenty-two taxa under study is provided. Lower-case letters indicate the occurrence of each nucleotide
or a purine (r) pyrimidine (y) base in at least 75% of the cases, whereas upper-case letters show the presence of dominant (100%) A, C, T, G or purine (R), pyrimidine (Y) base in the alignment.
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Figure 2. (Continued)
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Figure 2. (Continued)

12S rRNA secondary structure in the Arthropleona

© 2004 The Royal Entomological Society, Insect Molecular Biology, 13, 659–670

666

A. Carapelli et al.
basis of this score, we chose to adopt the Gutell model to
draw the secondary structures of helix 38 (Fig. 1).
Helix 39/40. This peripheral region of domain III is generally divided into two helices (39 and 40) of six and two/three
bases, respectively (Gutell, 1994; Hickson et al., 1996).
However, the occurrence of a single, long hairpin seems to
be favoured by our data set (Fig. 2). This is supported by
the optimal folding of the helix based on free energy criteria
[as implemented in MFOLD (Walter et al., 1994), default settings] and by comparative analysis of compensatory substitutions. In general, the proximal part of the hairpin is
composed of purines in the ascendant segments and pyrimidines in the descendant segments (Fig. 1b). The support
for this hairpin should also be examined for compensatory
substitutions using a larger data set. We chose to accept
the ‘single-hairpin’ version given that it occurs in all Arthropleona analysed. In fact, helices 39 and 40 in the Hickson
et al. scheme could be thought of a single helix with a 1–
7 bp bulge in the descending arm (e.g. they show a centipede, a scorpion and a sea urcin with a 1 bp bulge, and a
cicada and a brine shrimp with a 2 bp bulge, whereas most
vertebrates had a 7 bp bulge). In addition, helices 39 and
40 cannot be distinguished in other taxa, such as the
pigeon louse (Columbicola columbae) (Page et al., 2002).

Figure 2. (Continued)

Helix 42. This peripheral helix is composed of a variable
number of paired bases (3–6), with the only exception
being Tetrodontophora bielanensis, in which no apparent
pairing can be drawn and the helix seems to be absent.
This is the same helix where Hickson et al. (1996) found a
100+ bp insert in Mytilus edulis.
Figure 3. Base composition of domain III in the Arthropleona showing a
remarkable A + T bias. White bars refer to paired positions, black bars to
unpaired positions.

drawing the secondary structure of this helix within Arthropleona. In order to provide support for one structure over
another, we have calculated mutual information values
(Chiu & Koloziejczak, 1991) for each pair of nucleotides
potentially involved in the pairing of helix 38. Mutual information analysis provides a quantitative measure of the
extent of covariation between two positions of an alignment
(i.e. two bases involved in a bond within an helix); its mathematical measure, M(x,y), represents the amount of information shared (covariation) by pairs of aligned positions
(i.e. x and y), with the strongest correlations [maximized
M(x,y) scores] observed between positions highly variable
and completely correlated (Gutell et al., 1992).
Two alternative models, named after Hickson and Gutell,
were used to fold helix 38 in Arthropleona. Mutual information scores show that the Gutell model is preferable over the
Hickson model [M(x,y) = 1.549 vs. 0.371]. Therefore, on the

Helices 45, 47 and 48. These hairpins are part of the most
variable region of domain III in terms of both length and
sequence. The hypervariable region comprising helices 45
and 47 is defined by the very conserved single stranded
motifs ‘AC’ (upstream) and ‘GGA’ (downstream) (Fig. 1d).
Total sequence length is quite variable across taxa, spanning
from twenty-three in Homidia socia to forty-eight in Desoria
sp. and Proisotoma minuta. This variability makes it very
difficult to generate a reliable alignment, even between closely
related taxa (Fig. 2). Comparative analysis best supports a
4 bp long helix 45, although the regions of the alignment
defining the descendant part of helix 45 and the ascendant
part of helix 47 frequently overlap in comparisons across
species (Fig. 2). As a result of the large number of substitutions and indels, some species (notably Homidia socia,
Lepidocyrtus paradoxus and Trogolaphysa jataca) include
only one helix in this region. Currently it is impossible to decide
whether the helix in these species is homologous to helix
45 or 47. This region of domain III is generally very variable
across metazoans, sometimes including large insertions
between helices 45 and 47 (Hickson et al., 1996).
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Helix 48 is defined by two single stranded regions
connecting helices 32 and 33, and may be of variable size
in different taxa. Again, homology assessment in the
portion of the alignment that includes the hairpin is not
reliable. However, preceding the ascendant part of the
helix, a pivotal motif ‘UA’ or ‘UAA’ is present, which helps to
recognize this hairpin.
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such as the different arthropleonan genera, are compared.
In general, the deeper the comparison between taxa, the
lower the Ts : Tv ratio. For example, in our data set, Ts : Tv
ratios from conserved sites calculated for species pairs
within families Isotomidae and Entomobryidae have higher
values (2.386 and 2.295, respectively) than in the overall
data set, indicating that comparisons between distantly
related taxa are plagued by multiple substitution events.

Nucleotide compositional bias and multiple substitutions
Simon et al. (1994) found an increasing A + T content in the
third domain of the 12S gene (A + U in ribosomal RNAs) in
the most derived insect orders and in other arthropod taxa.
Average values of base frequencies observed in Arthropleona
agree with this general view. According to this evidence, the
predominance of A’s and T’s seems to be a distinctive feature
of the mitochondrial DNA of insects (Simon et al., 1994).
Such bias in nucleotide composition is an important feature
that should be taken into account when analysing mitochondrial genes for phylogenetic comparisons especially if
the base composition bias differs among taxa (Hasegawa
& Hashimoto, 1993; Lockhart et al., 1994).
In our analysis (Table 2) the nucleotide composition of
the twenty-two taxa is highly A + T biased, with an average
value of 0.759 ± 0.0309, which is concordant with the
values (0.70–0.84) observed for invertebrates by Hickson
et al. (1996). Among hexapods, this is one of the lowest
values ever observed, in accordance with the well-known
trend of an increase in A + T content in most derived orders
(Simon et al., 1994).
The imbalance towards a high A + T content (Fig. 3) is
mostly due to the lack of C’s, which are very rare overall
(0.087 ± 0.0184), and reach the lowest values in Podura
aquatica and Protaphorura armata (0.065). A + T content is
similar between paired (0.756) vs. unpaired (0.762) bases. A’s
and U’s are almost equally distributed in unpaired segments
(0.37 and 0.39, respectively), whereas U is the most common nucleotide in paired sequences (0.41). The effect of
multiple substitutions at hypervariable positions is evident
when transition/transversion ratios between more conserved (double underlined cells in Fig. 2) and variable segments are compared. Domain III is composed of conserved
stretches of sequences (usually, but not exclusively, internal stems), probably playing a key role in the composition
of the ribosomal skeleton, intercalated by ‘hot spots’ where
higher levels of substitution are supposed to occur (Simon
et al., 1994). In the whole data set, transversions outnumber
transitions, with a Ts : Tv ratio of 0.852 measured with the
HKY85 + I + G model (Hasegawa et al., 1985) on a neighbourjoining tree (Saitou & Nei, 1987) based on Log/Det genetic
distances (Lockhart et al., 1994). Conversely, when only
the most conserved segments (Fig. 2, double marked
cells) are considered, the Ts : Tv ratio increases to 1.871.
This suggests different substitution rates within the domain,
which is particularly evident when distantly related taxa,

Paired, unpaired regions and mismatches
Within helices 33 and 34 there are three invariant NWC
bonds (two G·U and one U·G). The occurrence of these
invariant noncanonical bonds is a common feature of some
eukaryotic taxa (see Gutell et al., 1985; Hickson et al., 1996),
and may not represent an intermediate state between
semi- and totally compensatory substitutions, but rather, may
have a long evolutionary history (Rousset et al., 1991). G·U
interactions have also been observed in specific positions
of the mitochondrial large ribosomal subunit (Buckley et al.,
2000). The structural importance of these NWC bonds is
debated and, given that they tend to be invariant or dominant in a wide range of taxa, it has been suggested that
they have a role in changing the functional properties of
helix stacking (Gautheret et al., 1995). Noncanonical base
interactions and mismatches between rRNA bases are
believed to play a key role in the recognition and the presentation of functional groups to ribosomal proteins (Szewczak et al., 1993; Dallas & More, 1997; Hermann & Patel,
1999). In this respect, there are several mismatches (mostly
A↔A or A↔G interactions) in conserved paired regions,
such as in hairpin 35. NWC bonds, such as the G–A pairs,
found in specific ‘zipper’ regions of RNA duplex, may be
stabilized by divalent metal ions, such as Mg 2+ (Correll
et al., 1997). The presence of metal ions, within the RNA
structure, may contribute to the formation and stabilization
of the RNA backbone (Hermann & Patel, 1999). Noncanonical bonds may be established in particular moments of the
ribosomal RNA’s complex activity, and unusual pairings at
the ends of some helices may be more tolerated than previously thought (Elgavish et al., 2001). The occurrence of
these additional pairings, in the positions flanking helix
ends, is suggested by different studies (Traub & Sussman,
1982; Gutell et al., 2002) and supported by crystallographic
analyses (Elgavish et al., 2001). For example, invariant AA/
AG pairings have been observed at the beginning of internal helix 34 (G–A), and at the ends of helices 33 and 35 (G–
A and A–A, respectively) (Fig. 1d) (Gutell et al., 2002).
A single-base bulge, looping-out from the descendent
part of internal helix 34, can be drawn for all but a few
sequences (e.g. Homidia socia, some centipedes, scorpions
and onycophorans; Hickson et al., 1996). Although ‘A’ is
the most common base of the bulge (see Fig. 2), ‘G’ and ‘U’
are present as well (in Hydroisotoma schäfferi, Podura
aquatica and Trogolaphysa jataca). This could indicate that,
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as proposed by Hermann & Patel (1999), single-base bulges
could provide backbone flexibility to helices, rather than being
involved in a specific interaction with ribosomal proteins.
According to the Gutell model, two bulges (1 and 2 bp
long, respectively) are present on the ascendant half of
stem 38. Although the whole internal stem is conserved in
primary sequence (Hickson et al., 1996), pairing of bases
differs among SSU models (Gutell et al., 1994; van de Peer
et al., 1994; Page, 2000).
Conserved and variable positions
Despite the large number of mitochondrial rRNA sequences
available from insects, only a limited number of taxa [i.e.
orthopterans (Flook & Rowell, 1997a,b) lice (Page et al.,
2002) and odonates (Hickson et al., 1996)] are extensively
represented. In the recent past, only a few structural studies were proposed for basal hexapods (the so-called
apterygotans), and focused mostly on phylogenetic issues
(Carapelli et al., 2000). In this respect, the study of structural features from a basal hexapodan group, such as Collembola, represents an important contribution to the study
of insect 12S rRNA. The distribution of conserved nucleotides along domain III of SSU is dependent on structural
and functional constraints of different rRNA stretches. In
general, ‘long-range’ paired regions (i.e. the two halves of
a stem are distant in the primary sequence, with other helices in between), are more conserved than ‘short-range’
helices (ascendant and descendant parts of stems are
adjacent in primary sequence) (Hixson & Brown, 1986;
Hickson et al., 1996). However, this tendency is not always
evident, given that conserved stretches of sequences may
be also found in short-range helices or unpaired regions
(Gutell et al., 1985). Specific peripheral hairpins, such as
helix 35 (see above), are very conserved both in paired
and in unpaired segments (Fig. 1a – c), and may represent
points of interaction between rRNA sequences and ribosomal proteins (Simon et al., 1990). Analysis of the arthropleonan data set clearly demonstrates that helices 33, 34
and 38 are less variable than the remaining part of domain
III, showing conserved segments of primary sequence
(Fig. 2) and a ‘common’ folding of rRNA sequences
(Fig. 1a–c). In general, this may be due to the pivotal position played by helices 33, 34 and 38 in the composition of
the backbone of the domain.
Highly conserved rRNA motifs are extremely useful for
defining homologous positions of rRNA sequences, and
may be employed as anchors to improve the quality of alignments (Kjer, 1995; Buckley et al., 2000; Hickson et al., 2000).
Conversely, highly variable regions (in primary sequence
and length), which increase alignment ambiguity, are
unsuitable for phylogenetic studies. Some of these highly
variable regions, such as hairpins 42, 47 and 48, have been
questioned and are not consistent with the structural
analysis obtained from automated programs (Page, 2000).

However, we were able to identify all of these helices in the
majority of collembolans examined. Because the homology
of bases at a given helix position are uncertain among taxa,
these stretches of rRNA fragments should be avoided for
phylogenetic comparisons, at least at deep taxonomic levels.
Concluding remarks
A complete knowledge of the secondary structure of hexapod mitochondrial rRNA genes cannot be achieved without
considering the most basal clades. Domain III of the 12S
gene is probably one of the most popular molecular markers and has been used extensively in structural and phylogenetic comparisons among a large number of taxonomic
groups. Structural investigation of this domain in arthropleonan springtails represents the first step to generate a
much broader general comparison across very anciently
diverged and not frequently investigated hexapod groups.
Other species among the so-called apterygotan taxa
should also be investigated.
The high levels of variability in primary sequence and
secondary structure observed in some peripheral regions
(such as helices 42, 45, 47 and 48) of the 12S gene of the
Arthropleona is clear evidence for the existence of a conspicuous degree of differentiation between the different
genera. ‘Internal’ stretches of sequences (both paired and
unpaired) are remarkably stable and represent key structures for the assemblage of the ribosomal skeleton. In addition, the lack of variability in some internal segments is not
only limited to the primary and secondary structure, but can
be extended to specific bonds (WC and NWC), which are
dominant or invariant across a wide range of taxa. In addition, some helices, such as 39/40, may assume a peculiar
structure within a restricted number of taxa, increasing
interest in the inclusion of new data, which could provide
alternative models of secondary structure.
The development of secondary structure models for rRNA
molecules, and the assessment of the processes that govern
their evolution, are also important for molecular phylogenetics.
Here, one could imagine the possibility of developing models
of nucleotide substitutions that take into account the constraints imposed by the secondary structure on the probability
of change. In light of the enormous sequence information
now available for rRNA genes, and of their increasing use
in phylogenetic studies, the development of structure-based
models of nucleotide substitution (such as those now found
in MrBayes ver. 3, Huelsenbeck & Ronquist, 2001) might
improve the accuracy of the analysis.

Experimental procedures
Collembolan genomic DNA from single specimens of Hydroisotoma
schäfferi, Isotoma klovstadi, Isotomurus hadriaticus, Isotomurus
maculatus and Protaphorura armata (listed in Table 1) was extracted

© 2004 The Royal Entomological Society, Insect Molecular Biology, 13, 659–670

12S rRNA secondary structure in the Arthropleona
using the CTAB-method (Boyce et al., 1990). Universal primers SRN-14588 and SR-J-14233 (Simon et al., 1994) were used to amplify
and sequence the third domain of the 12S gene. PCR products
were gel purified with the QIAquick Gel Extraction Kit (Qiagen),
and sequenced using the protocol of Hsiao (1993). Conditions for
amplification and sequencing are available from A.C. upon request.
The sequence of the species Tetrodonthophora bielanensis was
retrieved from GenBank (Nardi et al., 2001). DNA from the other arthropleonan genera (Table 1) was extracted by the phenol/chloroform
method (Sambrook et al., 1989), or by quick preparations. For quick
preparations, one individual of each species was homogenized in
STE (10 mM Tris/HCl pH 8.0, 100 mM NaCl, 1 mM EDTA – pH 8.0),
placed at 95 °C for 10 min, moved to wet ice for 5 min, centrifuged
at 15 800 g for 10 min and the supernatant transferred to a
new tube. Quick preparations are very crude and 1 µl of undiluted
supernatant was used in the PCR reactions. PCR products were
cloned into plasmids according to the following procedure: PCR
products were purified in 1.0% NuSieve® (FMC) gel followed by
extraction from the gel by a freeze fracture method (Qian & Wilkinson,
1991); this DNA was ligated [final concentration of ligation reaction
was 10% PEG; 50 ng of vector, pcDNAII (Invitrogen); 0.9 U Promega
T4 DNA ligase; 100 ng DNA] to ddT-tailed plasmids (Holton &
Graham, 1990). Terminal transferase (BRL) was used to add deoxythymine tails to pcDNAII plasmids, which had been cut with Eco RV
(BRL), and then purified in a 30 000 MW Millipore column. The
ligations were used to transfect electro-competent cells by electroporation. For each species three clones were sequenced in both
directions. Sequencing was carried out using Sequenase™ v.2.0
(USB), with the addition of pyrophosphatase and terminal deoxynucleotidyl transferase to correct weak banding patterns and the
presence of bands in all four lanes (Fawcet & Barlett, 1990).
Sequence alignment was performed manually using different
structural models as comparison (Gutell et al., 1992, 1994; Hickson
et al., 1996). The final alignment can be retrieved from GenBank
in the PopSet division of Entrez. Sequence variability and nucleotide composition values were obtained with the programs PAUP*
(Swofford, 2001) and MACCLADE 4.03 (Maddison & Maddison, 2000).
Drawing of secondary structure was performed using the program
RNAVIZ 1.0 (de Rijk & de Wachter, 1997). Free energy calculations
used in specific cases were performed using the program MFOLD
(Walter et al., 1994). Mutual information values for helix 38 were
computed using the program BIOEDIT (http://jwbrown.mbio.ncsu.edu/
RnaseP/info/programs/BIOEDIT/ bioedit.html)
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