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The SSU nrDNA (18S), is one of the most frequently sequenced molecular markers in phylogenetic stud-
ies. However, the length-hyper-variation at multiple positions of this gene can affect the accuracy of
alignment greatly and this length variation makes alignment across arthropod orders a serious problem.
The analyses of Hexapoda phylogeny is such a case. A more clear recognition of the distribution of the
length-variable-regions is needed. In this study, the secondary structure of some length-variable-regions
in the SSU nrRNA of Arthropoda was adjusted by the principle of co-variation. It is found that the extent
of plasticity of some length-variable-region can extraordinarily be higher than 600 bases in hexapods.
And the numbers of hyper length-variable-regions are largest in Strepsiptera and Sternorrhyncha
(Hemiptera). Our study shows that some length-variable-regions can serve as synapomorphies for some
groups. The phylogenetic comparison also suggested that the expansion of a lateral bulge could be the
origin of a helix.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

It has been well known that the lengths of certain regions in the
small subunit of nuclear ribosomal DNA (SSU nrDNA, which is also
known as 18S rDNA), are not conservative among different groups
and sometimes the difference can be huge. Length differences are
seldom considered at a fine scale in phylogenetic studies. The rea-
sons may include that the local length variations are not always
noticed and/or included, or the relatively length-conservative parts
in the complete sequences are favored in phylogenetic
reconstructions.

Hexapods amount to more than half of the recognized species
biodiversity of cellular life (Groombridge, 1992), yet relationships
among hexapod orders remain controversial. Although it is clear
that alignment rather than reconstruction algorithms per se have
a large influence on phylogenetic results (Goldman, 1998; Morri-
son and Ellis, 1997), there are few comparisons of the nrDNAs that
include all Hexapoda orders. The SSU nrDNA has been used in al-
most all molecular phylogenetic studies of Hexapoda (Caterino
et al., 2000). These studies often generate different results for some
groups, such as the monophyly of Ellipura (Whiting et al., 1997;
Wheeler et al., 2001; Giribet et al., 2004; Kjer, 2004; Luan et al.,
2005; Kjer et al., 2006a), the sister group of Neoptera (Whiting
ll rights reserved.

.

et al., 1997; Wheeler et al., 2001; Kjer, 2004; Terry and Whiting,
2005; Kjer et al., 2006a), the position of Zoraptera (Wheeler
et al., 2001; Terry and Whiting, 2005; Yoshizawa and Johnson,
2005), the phylogeny of Paraneoptera (Wheeler et al., 2001; Kjer,
2004), and etc. The large subunit of nuclear rDNA (LSU nrDNA) of
a-few-hundred-base long and/or different protein coding genes
were included variously in the data sets (Whiting et al., 1997;
Wheeler et al., 2001; Giribet et al., 2004; Terry and Whiting,
2005; Kjer et al., 2006a). Occasionally, homeobox genes (Rokas
et al., 1999) or protein sequences (Nardi et al., 2003a) were also
used. However, convincing evidence has not been provided for
these genes (Delsuc et al., 2003; Nardi et al., 2003b).

In previous studies, it seemed that when the taxon sampling
was good in a study, only partial but not complete sequences of
SSU nrDNAs were used, and when complete sequences were used
in a study, some orders or suborders with hyper-extensive SSU
nrDNAs were not sampled (Wheeler et al., 2001; Kjer, 2004; Ogden
et al., 2005; Terry and Whiting, 2005). It should be noted that, cer-
tain order-level taxa were sometimes excluded from data sets in
the phylogenetic studies of Hexapoda (e.g., Strepsiptera and Stern-
orrhyncha in Hemiptera), while the SSU nrDNAs of these taxa gen-
erally were extraordinarily long ones. Among the hyper-extensive
SSU nrDNAs, Strepsiptera had the longest one (Gillespie et al.,
2005). Whether the complete sequences of SSU nrDNAs were used,
and how gaps were treated in alignment also varied among differ-
ent studies. Generally, the indels were either removed (Kjer, 2004;
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Luan et al., 2005) or analyzed by direct optimization procedures
(Wheeler, 1996; Wheeler et al., 2001; Wheeler and Gladstein,
2003; Terry and Whiting, 2005).

The model of SSU nrRNA secondary structure in previous stud-
ies was stable for most length-variable-regions (LVRs). However,
the estimated local structures of a few LVRs are not stable yet,
which has become an impediment in recognizing the plastic extent
of each LVR in all hexapods orders and in determining the treat-
ment of LVRs in phylogenetic studies based on SSU nrDNA.
Although the phenomenon of the local length variation among
SSU nrDNAs of different groups has been known for some years,
the comparison of each length-variable-region for all hexapod or-
ders and the consideration on the effect of the hyper-extensive re-
gions, i.e., the mass insertions at some positions of SSU nrDNA, on
alignment are few. The hyper-extensive regions often make regio-
nal-position-homology inaccurate in alignment. Knowing the de-
tails of the length variation in each hexapod order is important
to learn its effect on the alignment, as shown in Fig. 1. If the details
of both LVRs (LVR1 and LVR2) in each sampled taxon (a and b,
Fig. 1) are known, we are able to judge whether the regional
homology have been properly determined in alignment by com-
paring the actual length of alignment with the length summation
of all of the length-stable regions and the longest ones of each
length-variable-region.

Complete SSU nrDNA sequences of each Hexapoda order are
available in GenBank. In some groups, the length expansions
are extraordinary. The whole-length of the longest SSU nrDNA
(Strepsiptera) was almost twice as long as that of the shortest
ones (Chalwatzis et al., 1995). And the extension of plasticity
can vary significantly among suborders or even families, for
example in Strepsiptera and Hemiptera, as well as among orders.
To know the position and plastic extension of each LVR, all Hex-
apoda orders should be included and the groups with high
length plasticity should be sampled intensively due to the length
diversity of their rDNAs. This will also facilitate the determina-
tion on the position of each LVR in alignment and the selection
among various local secondary structures of each LVR in the con-
struction of consensus secondary structure model of SSU nrRNA.
Although secondary structure models of LVRs have been avail-
able in Diptera (model organism Drosophila melanogaster) (Can-
none et al., 2006), Hemiptera (Ouvrard et al., 2000),
Fig. 1. (A) A schematic presentation of the secondary structure of SSU nrDNA. The lateral
the flanking stems are length-stable regions (LSR1–3). (B) In taxa a and b, the length of
respectively. The length of LSR2 is 5 bp. If the regional homologies are properly determin
long in alignment result. (C) If the regional homologies are improperly determined in a
column-long in alignment result.
Hymenoptera (Gillespie et al., 2006), Strepsiptera (Gillespie
et al., 2005), and etc., these models vary in V2, V4 and V7 re-
gions (the region nomenclature follows Neefs et al., 1993).
Gillespie et al. (2005) compared some LVRs among different
groups of Hexapoda. In addition, four orders, Mantophasmato-
dea, Megaloptera, Raphidoptera, and Zoraptera, and suborder
Sternorrhyncha (Paraneoptera: Hemiptera) are sampled in this
study. And the plasticity of each LVR is shown in illustrations in-
stead of in numerals.

Both incomplete taxon sampling and vagueness of positional
homology in alignment in large scales have hindered studies
on the alignment of Hexapoda SSU nrDNA. This study focuses
on the phylogenetic comparison of each LVR and the role of
the hyper-length-variation in the alignment of Hexapoda SSU
nrDNA. Sequences from each Hexapoda order are included (see
Section 2). The aim of this work is not to reconstruct a more
reliable Hexapoda phylogeny based on SSU nrDNA, but to clarify
an impediment in reconstructing Hexapoda phylogeny based on
SSU nrDNA.

2. Methods

2.1. Secondary structure model rebuilding

The thermodynamic secondary structures of regions V2, V4 and
V7 (sensu Neefs et al., 1993), whose alignments have been inconsis-
tent in previous studies, were calculated using the program RNA
structure 4.5 (Mathews et al., 2004). Only differences among various
models were re-calculated. The re-calculated result in this study,
along with the alternative corresponding parts in existing models,
were then selected under the principle of co-variation: the fewer
the secondary structural elements, especially the paired regions,
are destroyed by each sequence, the better the model is (Gutell
et al., 1985, 2000, 2002). We simplified the principle in this study
as: the fewer the paired regions are destroyed by each sequence,
the better the model is. Or, the longer the stems are kept by each se-
quence, the better the model is.

The length plasticity information was plotted in Fig. 3B, with
reference to the phylogenetic pattern shown in Fig. 3A. The width
of each short vertical line in Fig. 3B equals to 3 � Log10 N, with N
standing for the length of each LVR in each taxon.
and terminal bulges are two length-variable-regions (LVR1 and 2, respectively) and
LVR1 are 5 bp and 10 bp, respectively, and the length of LVR2 are 10 bp and 5 bp,
ed in alignment, the length summation of LVR1, LSR2 and LVR2 will be 25-column-
lignment, the length summation of LVR1, LSR2 and LVR2 will be shorter than 25-
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2.2. Phylogenetic reconstruction

All Hexapoda orders were sampled. Most orders were sampled
to suborder-level while some were sampled to family-level as they
do not have suborder taxonomic hierarchies. All orders with great
SSU nrDNA length variations were also sampled to family-level to
accommodate thorough length representatives in the order (see
Supplementary information). It may appear that the taxa sampling
is biased in some orders in terms of species diversity. However, the
length diversity of each LVR in Hexapoda orders is not correlative
to species diversity. The extent of length plasticity within each or-
der has to be considered in taxon sampling. Thus, even though the
species diversity in Strepsiptera is significantly lower than that of
Coleoptera, Strepsiptera deserves four representatives in our taxon
sampling as does Coleoptera because of its extreme length varia-
tion of the SSU nrDNAs. In phylogenetic reconstruction, all LVRs
were removed from the original sequences. The cladogram
search was done with MrBayes 3.1.2 (Huelsenbeck and Ron-
quist, 2001; Ronquist and Huelsenbeck, 2003). The parameters
were set as: ngen = 5,000,000, samplefreq = 100, nchains = 4,
nst = 6, rates = invgamma, burnin = 3,000,000. The respective
monophyly of Hexapoda, Pterygota, Eumetabola, Paraneoptera,
Phasmatodea, Orthoptera, Hemiptera, Coleoptera, and Hymenop-
tera are constrained for the reason that they are largely ac-
cepted by now (Carmean et al., 1992; Pashley et al., 1993;
Whiting et al., 1997; Wheeler et al., 2001; Giribet et al.,
2004; Kjer, 2004; Terry and Whiting, 2005; Kjer et al., 2006a).
As it is better to leave the phylogenetic schemes referred in this
study unresolved than to be biased, the branches that were
unstable in previous studies are collapsed, e.g., the relationships
between Odonata, Ephemeroptera, and Neoptera (Whiting et al.,
1997; Wheeler et al., 2001; Kjer, 2004; Terry and Whiting,
2005; Kjer et al., 2006a).

3. Results

The consensus model of the secondary structure of SSU nrDNA
is shown in Fig. 2A. It is mostly as same as the model based on D.
melanogaster (Cannone et al., 2006), with only two local differ-
ences: the structure of V2 agrees with Gillespie et al. (2005); and
the 30 region of E23 is favored by the principle of co-variation.
The LVRs O and P of the 30 region of E23 are located at bulges in
all sequences in the model shown in Fig. 2A, whereas they are lo-
cated at stem regions in some sequences in the previous models.
When some hyper-variable-regions were close to each other in
the primary structure of nucleic acids, it would be impossible to
reasonably recover their secondary structures solely by thermody-
namic methods and alignment results. Therefore, the adjusted
model should be the one with nearly identical thermodynamic sta-
bility among multiple alternative structures and is favored by the
principle of co-variation and the compensatory and/or semi-com-
pensatory base changes.

In the adjusted model, the local length plasticity of Hexapoda SSU
nrDNA were distributed in 24 independent LVRs except for specific
indels (Fig. 2A). Some of them were very close to each other and
the length-stable regions between them were quite short. Most LVRs
were lateral or terminal bulges. The LVRs with the highest length
plasticity were all in lateral or terminal bulges. Most LVRs were re-
strained in three regions, which were previously named as V2, V4
and V7 (Neefs et al., 1993). The sum of variations for the ten variable
bulges in V4 (I�P) accounted for nearly half of the total variations for
all LVRs, whereas the six bulges in V2 (B�G) accounted for about 20%
and the four bulges in V7 (S�V) accounted for about a quarter. There-
fore, the three major length-variable-regions in hexapods SSU
nrDNA/RNA account for nearly all length variations.
Entognatha sensu (Hennig, 1953, 1969) include Collembola,
Diplura and Protura. Among these three basal Hexapoda groups,
there are no large expansions in Collembola, whereas there are dis-
tinct common expansions in Diplura and Protura at positions D, K,
L and W (Fig. 3B). Among Hexapoda, Diplura and Protura even
share a unique insertion position in the stem where the LVR W
positioned upstream (Fig. 2A). In Collembola, Diplura, and Protura,
the lengths of various LVRs, e.g., A, J, Q and S, are order-specific
(shown in the Supplementary information).

Among Insecta sensu Kristensen (1991, 1995) or Ectognatha sen-
su Hennig, 1953, 1969), the length of LVR L of ‘‘Apterygota” is dis-
tinctly shorter than that of ‘‘Paleoptera”. And the latter is distinctly
shorter than that of Neoptera. As for ‘‘Apterygota” and ‘‘Paleopter-
a”, the length of each LVR is relatively consistent.

Among ‘‘Polyneoptera” there are several order-specific expan-
sions at various bulges, including S in Mantophasmatodea and P
in Dictyoptera. The number of length-identical regions is greatest
between Zoraptera and Dermaptera (19 out of the total 24 regions,
see Supplementary information). Among ‘‘Polyneoptera”, the
lengths of regions J, K, M and T are unique in Haplocerata (= Zorap-
tera + Dermaptera, sensu Terry and Whiting, 2005). Plecoptera has
specific expansions at U and W and specific length at J.

Among Paraneoptera, Sternorrhyncha in Hemiptera has the
most expansive regions, in terms of degree of plasticity and num-
ber of hyper-variable-regions. Psocodea sensu Lyal (1985) and
Thysanoptera rank the second and the third, respectively, in Para-
neoptera. On the other hand, LVR lengths in Euhemiptera, the sister
group of Sternorrhyncha, and the remaining Hemiptera, are the
most stable and shortest. Bulge lengths are rarely group-specific
in Holometabola. Strepsiptera has the most expansive regions in
terms of degree of plasticity and number of hyper-variable-regions.
Additionally, the previously reported AT-rich phenomenon (Kjer,
2004; Gillespie et al., 2005) occurs in some hyper-expansive
bulges.

Overall, in different groups, expansions in the entire length of
nrDNA occur in different regions. Strepsiptera has the largest num-
ber of hyper-expansive bulges in all Hexapoda, followed by Stern-
orrhyncha in Hemiptera. Although the length of SSU nrRNA in
Diplura, Mantophasmatodea, and Neuropterida is long, most
expansions in these groups are restricted in one or two bulges. In
terms of degree of plasticity and number of hyper-variable-regions,
the expansive regions in Phthiraptera and Plecoptera are less than
those in Strepsiptera and Sternorrhyncha and largely more than
those in Diplura, Mantophasmatodea, and Neuropterida.

4. Discussion

The lengths of SSU nrDNAs are also highly expansive in some ar-
chaea, algae, and fungi. However, these length expansions are dif-
ferent from those in Arthropoda, Mollusc (Lindgren and Daly,
2007) and other invertebrates. The length variation in archaea, al-
gae, and fungi is mainly caused by the existence of group I introns
whereas that of Arthropoda and other invertebrates is caused by
the expansion in LVRs. Based on what we know from GenBank
data, group I introns mostly exist in single-cellular organisms,
while LVRs are mainly observed in multi-cellular invertebrates.

Although LVRs are mostly located at bulges on the consensus
model built on secondary structure, not all bulges are length-vari-
able. In fact, most bulges are length-conservative. The length-con-
servative regions form a skeleton of the model, which is universal
in Arthropoda. In the adjusted secondary structure model of Hexa-
poda SSU nrRNA, the stem length between some hyper-variable
bulges can be as short as a few base-pairs, e.g., the ones flanking
K and T. These short intervals are always concealed in the gap-rich
regions in alignments and can hardly be identified.



Fig. 2. (A) Adjusted secondary structure model of the SSU nrRNA in Hexapoda. The sequence was from Drosophila melanogaster (GenBank Accession No. M21017). Red curved
lines labeled as A to X represent 24 length-variable-regions. Blue arrows indicate positions where there would be specific insertions in some taxa. Base pairing is indicated as
follows: standard canonical pairs by lines (G–C, A–U), wobble G:U pairs by dots (G�U), A:G or A:C pairs by open circles (AsG, AsC), and other non-canonical pairs by filled circles
(e.g., A�A). (B) the 16S rRNA from T. thermophilus (PDB:1S1H) fitted into the cryo-electron map of yeast small ribosomal subunit from 3D-EM database (Accession No. 1067). Left:
intersubunit surface view; middle: side view; right: cytoplasm surface view. The translation functional domains (purple), V2 (red), V4 (green), and V7 (yellow). For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this paper.
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Fig. 3. Comparison of bulge length at different LVR with reference to Hexapoda phylogeny. (A) The hypothesized phylogeny of Hexapoda based on Bayesian analysis on the
length-stable part of SSU nrDNAs and existing studies. (B) Plotting the length of variable regions of each operational taxonomic unit (OTU) in the width of a short line, in
proportion to the logarithm of its length. Zero and single base length are indicated by ‘‘–” and blank, respectively.
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When some LVRs are close to each other along the sequence and
the level of length plasticity is high in at least one of them, these
LVRs always collapse and are merged as one region in alignment.
This phenomenon caused the loss of their respective region-posi-
tional homology on the whole. The occurrence of the region-posi-
tional homology loss could be detected by the comparison of the
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number of columns in alignment and the sum of the length of the
stable regions along with the longest one of each LVR. If the former
is shorter than the latter, then it is very likely that region-mergence
has taken place. Taking the sequences sampled in this study for
example, if all of the regional homology are well determined, the
length of an ideal alignment should reach about 4200 columns. It
seems that this condition can hardly be fulfilled by the algorithms
in current computer-based alignment programs. For rDNA, align-
ment should be based on the biological background given by the
rRNA secondary structure model. And in this circumstance, manual
alignments are needed (Kjer et al., 2006b). At present, it seems that
some hyper-variable-regions, e.g., LVRs L and T (Fig. 2A), have to be
removed in aligning to avoid the loss of positional homology in
large-range, whereas other LVRs may be retained to maximize phy-
logenetic information in nrDNAs. As some expansive regions do not
impact the region-positional homology, probably the regions that
can jeopardize the large-range positional homology in alignment
can be defined as the hyper-extensive ones. This condition is not
as same as those reported in small ranges (Xie et al., 2005), where
the simultaneous positional homology of the paired bases in the
stems are manually recovered if they are not generated in
alignment.

The LVR distribution pattern varies from one position to an-
other according to the Hexapoda phylogeny. Therefore, from
the view of Hexapoda phylogeny, it would be unreasonable to
define whole-length expansions as synapomorphies of the
descendents in some order or suborder, as has been done previ-
ously (Campbell et al., 1994). No bulge expansion has single ori-
gin according to Hexapoda phylogeny. However, some bulge
expansions can be defined as synapomorphies. In the instance
of Entognatha phylogeny, the monophyly of Ellipura ( = Collem-
bola + Protura) has been morphologically recognized by tremen-
dous amount of studies (Hennig, 1953, 1969; Kristensen, 1975,
1981, 1995, 1998; Boudreaux, 1979; Kukalová-Peck, 1987,
1991; Stys and Bilinski, 1990; Stys et al., 1993; Kraus and Kraus,
1994; Stys and Zrzavy, 1994; Koch, 1997; Kraus, 1998, 2001; Ax,
1999; Carpenter and Wheeler, 1999; Edgecombe et al., 2000;
Wheeler et al., 2001) yet the Diplura + Protura clade has never
been considered by morphologists (Giribet et al., 2004). Although
the support for Ellipura based on internal anatomical and exter-
nal morphological characters may not be unambiguous (Bitsch
and Bitsch, 1998, 2000) and the monophyly of Diplura + Protura
is stable in molecular analysis and the combined analysis of
molecular and morphological data (Giribet and Ribera, 2000;
Giribet and Wheeler, 2001; D’Haese, 2002; Luan et al., 2005),
few synapomorphies for Diplura + Protura have been raised.
The concepts ‘‘molecular morphometrics” and ‘‘morpho-molecu-
lar” were mentioned by Billoud et al. (2000) and Ouvrard et al.
(2000), respectively. In this study, the unique insertion position
shared by Diplura and Protura among Hexapoda and the expan-
sions shared by them among Entognatha can serve as synapo-
morphies. For the support of Dermaptera + Zoraptera, there are
also synapomorphies indicated by secondary structure. The hy-
per-expansions at position O can serve as synapomorphies for
Strepsiptera and Sternorrhyncha. It should be noted that, as all
LVRs are removed from the data matrix in inferring phylogenetic
relationships (see Section 2), the length expansions have not
contributed to the topology of phylogenetic tree. Furthermore,
the monophyly of Diplura + Protura and Dermaptera + Zoraptera
can still be recovered in Bayesian analysis with 100% node sup-
port values, even if these nodes are not constrained a priori (see
Section 2).

In terms of plasticity level of the Hexapoda LVRs, although V4
and V7 have been known for a decade as positions where length
variation could occur, few studies have shown that the length plas-
ticity of a lateral bulge as well as a terminal one could exceed
300 nts, as shown in E23-3, E23-7 and helix 43 (position L, O and
S in Fig. 2A). In Diplura and Protura, E23-3 and E23-4 always exist
as one helix in the secondary structure reconstruction and the
length plasticity extent can reach higher than 600 nts within Dipl-
ura. The expansions at positions L and S suggest that the expansion
of the lateral bulge could be a mode for the origin of a helix. Addi-
tionally, the phylogenetic comparison of the LVRs also shows that
the phenomenon of length plasticity of SSU nrDNA takes place
more or less in all Hexapoda orders. This study compared the sec-
ondary structures of SSU nrDNAs among Hexapoda orders thor-
oughly and phylogenetically. As a consequence, more questions
have been raised. For example, is the local length plasticity in rRNA
identical to those in rDNA? Are length variations at different bulges
related? What effects, if any, are caused by the LVRs in the tertiary
structure and its corresponding functions? The fit-in position of V2,
V4, and V7 in Fig. 2B shows the quasi-localization of these three re-
gions in the small ribosome subunit serially. Compared to the
translation function core (Fig. 2B left, purple colored), which is
prominently distributed in the intersubunit surface that interacts
with large ribosomal subunit and is responsible for translational
decoding functionality, the V2, V4, and V7 regions are located pre-
dominantly in the surfaces of the subunit that are exposed to cyto-
plasm (Fig. 2B, right). A good comparison given by the side view
(Fig. 2B, middle) reveals that the LVRs are located faraway from
the universally conserved translation function center on the
small ribosomal subunit. Instead, they reside in the cytoplasm
surface that is relevant to species/order-specificity as concluded
by structural analysis of the ribosomes between prokaryotes
and eukaryotes (Wilson and Nierhaus, 2003). Studies on the
LSU nrRNA also suggested that LVRs usually do not have direct
effects on the translation function of the ribosome (Gerbi,
1985; Sweeney et al., 1994), thus their structural constraints
are not very rigorous. However, it seems that when an unusually
high plastic extent is found, these questions may deserve recon-
sideration. Undoubtedly, if the length expansions in rRNA are
largely the same as that in rDNA, the hyper-extensive ones will
be energy-inefficient. Because the knowledge on model organ-
isms is far from completion, it is crucial to introduce the view
and methods of phylogenetic comparison into molecular struc-
tural biology.
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