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Abstract

The order Zoraptera (angel insects) is one of the least known insect groups, containing only 32 extant species. The phylogenetic
position of Zoraptera is poorly understood, but it is generally thought to be closely related to either Paraneoptera (hemipteroid
orders: booklice, lice, thrips, and bugs), Dictyoptera (blattoid orders: cockroaches, termites, and mantis), or Embioptera (web spin-
ners). We inferred the phylogenetic position of Zoraptera by analyzing nuclear 18S rDNA sequences, which we aligned according to
a secondary structure model. Maximum likelihood and Bayesian analyses both supported a close relationship between Zoraptera
and Dictyoptera with relatively high posterior probability. The 18S sequences of Zoraptera exhibited several unusual properties:
(1) a dramatically increased substitution rate, which resulted in very long branches; (2) long insertions at helix E23; and (3) mod-

ifications of secondary structures at helices 12 and 18.
© 2005 Published by Elsevier Inc.
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1. Introduction

Zoraptera (angel insects) is one of the least diverse
and poorly known insect orders. To date, only 38 species
(which includes six fossil species) are described, and all
extant species are classified under a single genus, Zoroty-
pus (Engel and Grimaldi, 2002). Some other genera have
been proposed for extant species (Chao and Chen, 2000;
Kukalova-Peck and Peck, 1993), but more the conserva-
tive taxonomic system is adopted here, as suggested by
Engel and Grimaldi (2000) and New (2000). All species
of Zoraptera live under the bark of rotting wood
(Smithers, 1991).

Based on morphological characters, the order Zorap-
tera is thought to be closely related to either Paraneop-
tera (= hemipteroid orders: bugs, thrips, booklice, and

* Corresponding author. Fax: +81 11 706 4939.
E-mail address: psocid@res.agr.hokudai.ac.jp (K. Yoshizawa).

1055-7903/$ - see front matter © 2005 Published by Elsevier Inc.
doi:10.1016/j.ympev.2005.05.008

lice: Hennig, 1981; Kristensen, 1975, 1981; Wheeler
et al., 2001), Dictyoptera (= blattoid orders: cockroach-
es, termites, and mantis: Boudreaux, 1979; Kukalova-
Peck and Peck, 1993; Smithers, 1991) or Embioptera
(= web spinners: Engel and Grimaldi, 2000; Minet and
Bourgoin, 1986). Combined morphological and molecu-
lar analysis by Wheeler et al. (2001) supported a close
relationship between Zoraptera and Dictyoptera. How-
ever, separate analysis of molecular data (18S rDNA)
placed Zoraptera as the sister taxon of Psocodea (book-
lice and parasitic lice), conflicting with combined tree
(Wheeler et al., 2001).

Separate analyses of 18S data (Wheeler et al., 2001)
resulted in tree with a very unconventional placement
of some insect orders (e.g., Diplura and Grylloblattodea
were imbedded within Holometabola). Wheeler et al.
(2001) used direct optimization of morphological and
molecular data, which minimizes incongruence between
two data partitions. Kjer (2004) pointed out that, when
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support from molecular data for nodes is small, conclu-
sions from molecular data by direct optimization would
be highly dependent on some combination of (1) mor-
phological data, (2) noise from the homoplastic data,
and (3) arbitrarily optimized homology of unalignable
data (see also Kjer, 1995 and Simmons, 2004).

To address the problems of direct optimization, Kjer
(2004) conducted phylogenetic analyses of insect orders
based on 18S sequences aligned manually according to
secondary structure. The resulting tree matched tradi-
tional insect classification reasonably well. However,
Kjer’s (2004) study lacked a sequence of Zoraptera
and thus could not address the phylogenetic position
of this order. Part of the reason for the exclusion of
Zoraptera by Kjer was that he concluded that the 18S
of Zoraptera presented in Wheeler et al. (2001) was
either contaminated in part by mite (Acari) DNA
sequences, because of a homologous unique sequence
shared by the Zoraptera and mites, or that if the zorapt-
eran sequence was not a contaminant, it was highly
autapomorphic and problematic.

Thus, a more detailed molecular test of the phyloge-
netic position of Zoraptera is needed. The 18S rDNA
gene has played an important role in resolving the deep
phylogeny of insects (Campbell et al., 1995; Johnson
et al., 2004; Kjer, 2004; Whiting et al., 1997). However,
a correct 18S sequence of Zoraptera may not be avail-
able to date. In the present study, we amplified and ana-
lyzed the 18S rDNA of Zoraptera using samples
collected in the USA, Malaysia, and Vietnam. These
sequences of Zoraptera plus additional sequences of
Blattodea (cockroaches), Phasmatodea (stick insects),
Embioptera, and Parancoptera were aligned with the
18S data provided by Kjer (2004). We address two ques-
tions: (1) is the 18S sequence of Zoraptera used by
Wheeler et al. (2001) really a contaminant and (2) what
is the closest relative of Zoraptera?

2. Materials and methods

We sequenced four species of Zoraptera, Zorotypus
hubbardi from the USA, Z. sp.MY!1 and Z. sp.MY2
from Malaysia, and Z. sp.VN from Vietnam (the latter
three species are currently being described). Methods
of total DNA extraction and 18S amplification and
sequencing followed Johnson et al. (2004). Primer sets
used were Nsl1-Ns2a (Barker et al., 2003), 18Sai-18Sbi
(Whiting et al., 1997), and Ns5aP2-Ns8P (Johnson
et al., 2004). The 18S sequence of Z. snyderi was ob-
tained from GenBank and was only used to check
whether the 18S sequence of the species was contami-
nant or not. The sequence was not used for phylogenetic
analyses because only a short piece of the 18S sequence
was available for this species. Additional 18S sequences
of Blattodea, Phasmatodea, Embioptera, Psocodea,

Thysanoptera, and Hemiptera were obtained from Gen-
Bank (Appendix A). These sequences were manually
aligned to the data matrix provided by Kjer (2004)
according to the secondary structure model presented
on his website. When we detected a modification of
the secondary structure in the new sequences, the sec-
ondary structure of the region was estimated using
GeneBee (Brodsky et al., 1995). Except for these addi-
tional samples, the taxon set was largely unchanged
from Kjer (2004). However, we replaced sequences of
Ectopsocidae Gen. sp. and Pthirus pubis with Ectopsocus
perkinsi and Pedicinus sp., respectively, because only a
short piece of 18S sequence was available for the former
two species (Appendix A). Unalignable regions were
excluded from the analyses, and the exclusion set
followed Kjer (2004). Aligned data is available at
http://insect3.agr.hokudai.ac.jp/psoco-web/data/.
Preliminary parsimony (MP) and neighbor-joining
(NJ) analyses using PAUP* (Swofford, 2002) placed
Zoraptera as the sister taxon of Diptera (flies). Diptera
is a holometabolus order (insects with pupal stage)
whereas Zoraptera is hemimetabolous (insects without
pupal stage), so this result seems unlikely. As men-
tioned below, the basal branch leading to Zoraptera
was very long as was the case for Diptera, and thus
this result appeared to be an artifact of long-branch
attraction (Felsenstein, 1978). Kjer (2004) also suggest-
ed that long-branch attraction was problematic for his
MP analysis, with Diptera grouping outside of insect,
as the sister taxon of Crustacea. In contrast to MP,
the Bayesian tree recovered by Kjer (2004) was more
reasonable. Likelihood analysis is thought to be less
affected by long-branch attraction (Huelsenbeck,
1997; Huelsenbeck and Hillis, 1993). Therefore, we
conducted further phylogenetic analyses using maxi-
mum likelihood (ML) in PAUP* (Swofford, 2002)
and Bayesian ML in MrBayes (Huelsenbeck and
Ronquist, 2001). The simplest model for ML analyses
was determined by a hierarchic likelihood ratio test
using Modeltest (Posada and Crandall, 1998). The
GTR + 1+ G model was selected (unequal base fre-
quencies: A =0.2496, C=0.2210, G =0.2781,
T =0.2513; six substitution categories: A-C = 1.5445,
A-G=3.5713, A-T=1.5224, C-G=0.7884, C-T=
5.0195, G-T =1; gamma distributions shape parame-
ter = 0.6195; proportion of invariant sites =0.1861).
For ML analysis, the NJ tree was used as a starting
tree and TBR branch swapping option was selected.
For Bayesian analysis, we ran four chains for 10 mil-
lion generations, and the tree was sampled every 1000
generations. By analyzing the change in likelihood
score during the chain using Tracer (Rambaut and
Drummond, 2004), we identified a suitable burn-in of
600,000 generations (Fig. 5). Therefore, the first 600
trees were excluded as burn-in, and we computed a
50% majority consensus tree of the remaining 9400
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Table 1
Parameters from the Bayesian likelihood analysis under GTR + 1+ G
model

Kjer (2004) Present
(A < C) 1.52+0.16 1.56 +0.27
(A <= Q) 3.454+0.27 3.57+0.49
A <= T) 1.23 +0.11 1.49 +0.22
1(C < Q) 0.75 4+ 0.08 0.69 +£0.12
(C <= T 5.17+0.49 5.27+0.67
(G < T) 1.00 £ 0.00 1.00 + 0.00
Alpha 0.58 +0.04 0.60 £ 0.05
Pinvar 0.17 £ 0.02 0.16 + 0.04

Parameters obtained by Kjer (2004) are also indicated for comparison.
Following abbreviations are used: r, substitution rates between the
listed nucleotides; alpha, shape parameter of the gamma distribution;
and pinvar, proportion of invariable sites.

trees to estimate posterior probabilities of branches in
the tree Table 1.

For ML bootstrapping, the NJ tree was used as a
starting tree, and the NNI branch swapping option was
selected with 100 replicates. TBR branch swapping was
not performed because it was computationally infeasible.
However, as mentioned above, the tree obtained by NJ
method was problematic, and preliminary analysis indi-
cated that NNI branch swapping was not sufficient to es-
cape from long-branch attraction caused by a number of
problematic taxa: Diplura + Protura (Entognatha),
Zoraptera (“Hemimetabola”), and Diptera (Holometa-
bola) (Fig. 1). Therefore, to avoid long-branch attraction
of these distantly related orders, monophyly of Insecta,
Neoptera, and Holometabola were given as three con-
straints for ML bootstrapping. Monophyly of those
higher level groups have previously received very strong
support from morphological and molecular studies and
are not controversial (Kjer, 2004; Kristensen, 1975,
1981; Wheeler et al., 2001). No constraints were given
for ML and Bayesian tree searches.

3. Results
3.1. Sequences and data evaluation

We successfully amplified and sequenced the 18S
rDNA gene from four species of Zoraptera. As men-
tioned below, the 18S of Zoraptera had large insertions
(E23 sensu Wuyts et al., 2000) and modifications of
secondary structure. However, all four Zorotypus 18S
sequences obtained here, as well as sequences of
Z. hubbardi obtained by Vawter (1991) and Z. snyderi
obtained by Wheeler et al. (2001), could be readily
aligned according to the secondary structure model for
insect 18S (Kjer, 2004). As mentioned by Kjer (2004),
our preliminary MP and NJ analyses (trees not shown)
indicated that the 18S of Z. hubbardi analyzed by
Vawter (1991) was not close to the other Zorotypus

sequences, but was imbedded within an odonate (drag-
onflies) clade composed of the genera Leucorrhinia,
Sympetrum, and Celithemis (Fig. 1). However, the 18S
of Z. snyderi analyzed by Wheeler et al. (2001) was very
similar to all the Zorotypus sequences obtained in the
present study. For example, using MP and NJ analyses
based only on the middle segment of 18S available for Z.
snyderi (1.e., no missing data), a sister group relationship
between Z. snyderi and Z. hubbardi and monophyly of
Zoraptera were always recovered with 100% bootstrap
support (trees not shown). The sequence AAAACTTA
CCCGGCC, which appeared in the 18S of Z. snyderi
near helix 36 and was considered by Kjer (2004) to be
evidence of acarine contamination, was also detected
in the newly sequenced samples, although the underlined
bases were not A, T, and C but A, T, and A in other
zorapterans (Fig. 4). As mentioned by Kjer (2004), when
this sequence and the neighboring region was subjected
to a BLAST search, the 18S of some Arachnida and
Annelida were returned as the top three matches (Sep-
tember 23, 2004: Fig. 4). However, when the middle por-
tion of these 18S sequences were aligned to the data set
and analyzed by MP and NJ methods (trees not shown),
the arachnid and annelid sequences were distant from
Zoraptera and placed near the root of the tree.

In addition to this unusual short fragment, other un-
ique characteristics were observed in the 18S sequences
of Zoraptera. For example, helix 18 of Zoraptera could
not be aligned to the other insect sequences, although
the region was otherwise very conservative throughout
insects. Analysis of secondary structure indicated that
the shape of helix 18 in Zoraptera differed from that of
other insects by having a longer stem and a very small
hairpin loop (Fig. 3). Modifications of secondary struc-
tures were also identified in helix 12. Although the region
was well aligned throughout insects including Zoraptera,
the estimated secondary structures of helix 12 in Zorap-
tera were greatly modified from other insects (Fig. 2).
Rather long insertions, ranging about 90-160 bp, were
observed between helices E23-2 and E23-8 in Zoraptera.
Such insertions were not observed in any other polyne-
opteran (orthopteroid insects: i.e., Neoptera excluding
Paraneoptera and Holometabola) nor holometabolous
orders, but were observed in some species of Paraneop-
tera (e.g., Pedicinus sp. had an 800 bp insertion). A very
large insertion at E23 has also been reported for holome-
tabolous Strepsiptera (twisted wings) by Gillespie et al.
(in press), but sequences from this order are not analyzed
in our study. Finally, Zoraptera was on a very long
branch in the ML tree (Fig. 1), indicating an accelerated
substitution rate of the 18S of Zoraptera.

3.2. Phylogenetic analyses

The trees obtained from our data set (Fig. 1) were
generally in agreement with the tree obtained by Kjer
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Fig. 1. Tree obtained by ML analysis of the 18S rDNA data (—In L = 32543.23325). The tree is rooted on Limulus polyphemus (horseshoe crab).
Branch lengths are proportional to ML estimated branch lengths. The numbers associated with the nodes are bootstrap values or posterior
probabilities obtained by ML/Bayes analyses. Bootstrap values higher than 50% and/or Bayesian posterior probabilities higher than 90% are
indicated. Monophyly of Insecta, Neoptera and Holometabola are constrained for ML bootstrapping (indicated by CON). No constraints are given
for tree searches.
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Fig. 2. Estimated secondary structure of helix 12 for selected samples. Stems are shaded, and complementary regions are connected by solid line.

Drosophila melanogaster (Diptera) GGAAUGAG------- UACACUUUAAAUCCUUUAAC---~~-~ AAGGACCAAUU
Mesopsocus hongkongensis (Psocodea) GGAAUGAG------- UACACUCUAAAUCAUUUAAC------ GAGUAUCCAUU
Periplaneta americana (Blattodea) GGAAUGAG------- CACACUUUAAAUCCUUUAAC------ GAGUAUCCAUU
Zorotypus sp.NT GGAAUGAGACCGGUUCAGA------------ GAACUGGUGUGAGUAUCCAUU
Zorotypus sp.MY1 GGAAUGAGACCGGUUCAGA------------ GAACUGGUGAGAGUAUCCAUU
Zorotypus sp.MY2 GGAAUGAGACUGGUUCAGA------------ UCACUUGUGUGAGUAUCCAUU
Zorotypus hubbardi, Z. snyderi GGAUUGAGACGGGUACAGA------------ GAACCCG-AAAAGCAUAC--U

Fig. 3. Estimated secondary structure of helix 18 for selected samples. Stems are shaded. Secondary structure model follows Gutell (1993, 1994) and
Gillespie et al. (in press). Their model employs some non-canonical pairs (such as G-A pairs), but Kjer (2004) did not follow Gutell model and

employ canonical pairs only (A-T, G-C).

Blast1 Gnomulus sp. (Arachnida) AAAACUUACCCGGCC
Blast2 Stylocellus sp. (Arachnida) AAAACUUACCCGGCC
Blast3 Orbinia latreillii (Annelida) AAAACUUACCCGGCC
Zorotypus snyderi AAAACUUACCCGGCC
Zorotypus hubbardi GAAACUUACC

Zorotypus sp.MY1, sp.MY2, sp.VN

AAAACUUACC

Periplaneta americana (Blattodea)

Mesopsocus hongkongensis (Psocodea)

Drosophila melanogaster (Diptera)

AAA
AA UsACC
AA USACC!

Fig. 4. Sequences near helix 36 for selected samples. Based on the character states at highlighted positions, Kjer (2004) concluded that the 18S
sequence of Z. snyderi was an acarine contaminant. When this and neighboring regions of Z. snyderi were subjected to a BLAST search, the top three
sequences (harvestmen spiders and an annelid) were identified as the closest matches.

(2004), which showed high congruence with the tradi-
tional classification of insect orders. However, four re-
sults from our analyses differed from Kjer’s (2004) tree
(outlined below).

(1) Monophyly of Pterygota (winged insects) was
recovered by our ML analyses; in contrast, the tree
obtained by Kjer (2004) placed wingless aptery-
gote Tricholepidon gertschi (Thysanura: silver fish)
as a sister taxon of Odonata (dragon flies). The
ML bootstrap value for monophyly of Pterygota
was low (<50%), and the present Bayesian consen-
sus placed T. gertschi as a sister of Odonata with
54% posterior probability.

(2) Monophyly of Paraneoptera was not recovered by
either ML or Bayesian analyses. Monophyly of
Paraneoptera was recovered by Kjer (2004), but
with low posterior probabilities (64-87%). The
present results indicated a sister group relationship
between Holometabola and Hemiptera + Thysa-
noptera. The posterior probability for non-mono-
phyly of Paraneoptera was 92%, but the ML
bootstrap value was lower than 50%.

(3) A close relationships between Holometabola and
Parancoptera and between Orthoptera (grasshop-
pers) and Paraneoptera + Holometabola were
recovered by the present analyses as well as by
Kjer (2004). Although the posterior probabilities
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for these relationships obtained by Kjer (2004)
were low (48-63% for Holometabola + Paraneop-
tera and 38-76% for Holometabola + Paraneop-
tera + Orthoptera), results from the present
Bayesian analysis provided relatively strong sup-
port for these clades (97 and 100% posterior prob-
ability, respectively). In contrast, ML bootstrap
support for the clades was lower than 50%.

(4) Two orders, Zoraptera and Thysanoptera (thrips),
were not analyzed by Kjer (2004) but are newly
added by our analyses. Zoraptera was always
placed as the sister taxon of Dictyoptera (54%
bootstrap and 99% posterior probability). Thysa-
noptera was placed as a sister taxon of Hemiptera
(bugs, aphids, cicadas, etc.) which suggested
monophyletic Condylognatha (Yoshizawa and
Saigusa, 2001). However, support for the clade
was low (<50% ML bootstrap and 72% Bayesian
posterior probability).

4. Discussion
4.1. 18S of Zoraptera

Kjer (2004) suggested that the 18S sequence of
Zorotypus snyderi analyzed by Wheeler et al. (2001)
might be an acarine contaminant, at least in part. How-
ever, new obtained 18S sequences for four species of
Zoraptera show a close match with the 18S of Z. snyderi.
MP and NJ analyses based on the smaller fragment
available for previously published sequences indicate
that the 18S sequences from five zorapteran species com-
pose a monophyletic group (100% bootstrap supports),
and they are divided into two well supported clades:
Oriental (Z. sp.MY1, Z. sp.MY2 and Z. sp.VN: 100%
support) and North American species (Z. snyderi and
Z. hubbardi: 100% support). In addition to the close
match of the nucleotide sequences, all zorapteran
sequences including Z. snyderi have indels at the same
position of helix 18 (Fig. 3).

It is very unlikely that extractions from five species
extracted in three different laboratories contain the same
contaminant (Z. snyderi at lab of Wheeler and col-
leagues, USA, Z. hubbardi at Illinois Natural History
Survey, USA and Z. sp.MY1, Z. sp.MY2 and Z. sp.VN
at Hokkaido University, Japan). In addition, one of
three base positions (Fig. 4), which was thought to be
evidence of acarine contaminant by Kjer (2004), is var-
iable within Zoraptera, and the nucleotide in that posi-
tion in some zorapterans agrees with that of the other
insects. The phylogenetic trees based on these 18S
sequences placed Zoraptera within Neoptera, which is
reasonable in light of morphological evidence (e.g.,
Kristensen, 1975, 1981). The intra-ordinal relationships

of Zoraptera based on these sequences are also very rea-
sonable, agreeing with morphological observations (the
three Oriental species have an ovoid coil on the phallo-
some, which is lacking in the New World species; Engel
and Grimaldi, 2000; New, 1978, 2000; Yoshizawa, pers.
obs.). Therefore, we conclude that the zorapteran 18S
sequence analyzed by Wheeler et al. (2001) is not a con-
taminant, and that the fragment near helix 36 in the 18S
of Zoraptera is highly variable, which causes conver-
gence with the acarine sequences, a possibility also
considered by Kjer (2004).

In addition to the region near helix 36 (Fig. 4), the
18S of Zoraptera shows other unique characteristics,
including an accelerated substitution rate (Fig. 1),
modification of secondary structures (Figs. 2 and 3),
and long insertions. These phenomena are uniquely
and uniformly observed in all the 18S sequences of
Zoraptera, and thus a correlated origin of these phe-
nomena is likely. A correlation of unique molecular evo-
lutionary trends is detected in the mitochondrial
genomes of lice, which includes accelerated substitution
rates, modifications of rRNA secondary structures, long
insertions/deletions, increased GC contents, and gen-
ome rearrangements (Johnson et al., 2003; Page et al.,
2002; Shao et al., 2003; Yoshizawa and Johnson,
2003). However, the forces that cause these trends in
molecular evolution is less understood.

4.2. Phylogenetic analyses

Kjer (2004) showed that 18S sequences aligned
according to a secondary structure model provide rea-
sonable results for the phylogeny of insects. The results
obtained by the present analyses are basically in agree-
ment with Kjer (2004), so here we focus only on some
novel findings or incongruence between our trees and
Kjer (2004).

In the present analyses, a sister group relationship
between Zoraptera and Dictyoptera is recovered by
both ML and Bayesian methods. Zoraptera + Dictyop-
tera received 99% posterior probability. Morphologi-
cally, Zoraptera and Dictyoptera share a reduced
pterothoracic phragmata and dorsolongitudinal mus-
cles (Boudreaux, 1979) and a derived wing venation
(Kukalova-Peck and Peck, 1993). Therefore, there is
also some morphological support for this placement
of Zoraptera.

Additional sequences of 18S for Thysanoptera are
newly available for our broader study (Johnson
et al., 2004). Morphologically, a close relationship be-
tween Thysanoptera and Hemiptera has been suggest-
ed (Kristensen, 1975, 1981; Yoshizawa and Saigusa,
2001, 2003). In contrast, the combined data set pro-
duced by direct optimization (Wheeler et al., 2001)
recovered a sister relationship between Thysanoptera
and Psocodea. Wheeler et al. (2001) mentioned that
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there were no morphological apomorphies supporting
Thysanoptera + Psocodea, but that the result had
strong molecular support (10 transitions and 4 trans-
versions in 18S). The 18S alignment analyzed here
recovers a sister relationship between Thysanoptera
and Hemiptera, whereas a sister relationship between
Thysanoptera and Psocodea receives only 1% boot-
strap support and 0.8% posterior probability. In addi-
tion, a sister relationship between Thysanoptera and
Psocodea is not recovered by MP analysis. Therefore,
it is evident that 18S has little phylogenetic signal
supporting Thysanoptera + Psocodea, and the present
results are congruent with morphological data.

While several of our results agree with morphological
characters, incongruence between the present results and
morphological characters occurs with respect to Para-
neoptera. Monophyly of Paraneoptera is strongly sup-
ported by morphological autapomorphies such as
modified mouth parts, derived wing base structures, a
single abdominal ganglion, and the absence of cerci
(Kristensen, 1975, 1981; Yoshizawa and Saigusa, 2001,
2003). However, the present results suggest a paraphy-
letic grade of Parancoptera (i.e., Hemiptera + Thysa-
noptera sister to Holometabola) with posterior
probability 92%. ML bootstrap support for the non-
monophyly of Paraneoptera is very low (<50%). There
is no morphological evidence published supporting
Holometabola + (Hemiptera + Thysanoptera). There-
fore, further evidence is needed to resolve whether
Paraneoptera is monophyletic.

A close relationship between Orthoptera and
Paraneoptera + Holometabola was recovered by our
analyses as well as by Kjer (2004). However, this rela-
tionship is also unexpected from the morphological point
of view. Although the support for this relationship ob-
tained by Kjer (2004) was very weak (38-76% posterior
probability), the present Bayesian analysis provides
strong support for the clade (100% posterior probabili-
ty). However, ML bootstrap support for the clade is very
low (<50%). As far as we are aware, no one has ever sug-
gested a close relationship between Orthoptera and Para-
neoptera + Holometabola based on morphology.

Remarkable differences between bootstrap support
and posterior probability are frequent at deep and short
nodes as mentioned above. Recent analyses of empirical
and simulated data sets revealed that posterior probabil-
ity is excessively high and can provide erroneous conclu-
sions more often (Cummings et al., 2003; Erixon et al.,
2003; Simmons et al., 2004). Inflation of posterior prob-
ability is known to be especially frequent for short nodes
(Alfaro et al., 2003; Lewis et al., in press). Nodes sup-
porting Condylognatha + Holometabola and Orthop-
tera + Paraneoptera + Holometabola are very short,
and bootstrap supports for these clades are very low
(<50%) compared to high posterior probabilities
(>92%). Therefore, further morphological and molecu-

lar data sets are required to test these clades. ML boot-
strap support for Zoraptera + Dictyoptera is also
relatively low (54%) in comparison to a high posterior
probability (99%). However, the basal node supporting
this sister relationship is not short, and is almost as long
as, or even longer than the basal nodes of very well sup-
ported groups, such as Archaeognatha (91% bs, 100%
pp), Neoptera (constrained for ML bootstrap, 100%
pp), Holometabola (constrained for ML bootstrap,
100% pp) and Mecoptera + Siphonaptera (96% bs and
99% pp). Therefore, a different explanation may be re-
quired for the low ML bootstrap support for Zorapter-
a + Dictyoptera clade in comparison to a high posterior
probability. One possible explanation is that NNI
branch swapping was used for ML bootstrapping. As
mentioned previously, a neighbor-joining starting tree
for ML estimation was problematic especially for the
placement of Zoraptera, and NNI branch swapping
was not sufficient to escape from long-branch attraction
problems. Because more thorough searches should more
readily converge on the most likely tree, bootstrap sup-
port for some clades should be improved by the use of
TRB branch swapping for ML bootstrapping. However,
TBR is computationally infeasible for the present data
set and processor power available.

The present result is based only on a single gene and
thus represents gene tree. In addition, unusual charac-
teristics of the zorapteran 18S sequences might be prob-
lematic for resolving the placement of this order. Thus,
although the present result provides a very reasonable
phylogenetic tree for insect orders and relatively strong
support for a Zoraptera + Dictyoptera clade, it will be
important to test the present results with additional
morphological and molecular data.

4.3. Concluding comment

The 18S sequences aligned according to secondary
structure model provide very reasonable insect phyloge-
ny. It is especially notable that both Kjer (2004) and pres-
ent analyses provided well resolved and very reasonable
phylogenetic hypotheses among deep hexapod lineage
(e.g., monophyly of Hexapoda), even though previous
analyses of molecular data failed to provide a reasonable
result (Bitsch et al., 2004). Samples of Zoraptera are new-
ly analyzed, and a close relationship between Zoraptera
and Dictyoptera is recovered by molecular data for the
first time. In addition, examination of ‘“molecular mor-
phology” indicate unique evolutionary trends in the
zorapteran 18S. Such interesting findings have also been
provided for some insect ribosomal RNA by examina-
tions of secondary structure (Ouvrard et al., 2000; Page
et al., 2002; Yoshizawa and Johnson, 2003). Secondary
structure-based manual alignment is valuable for both
phylogenetic analyses and examinations of molecular
morphology (Gillespie et al., in press; Kjer, 2004).
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Drosophila melanogaster were included only for the analysis of 18S secondary structure and/or preliminary phyloge-

netic inference.

Order Family Species GenBank accession number
Zoraptera Zorotypidae Zorotypus snyderi AF372432
Zoraptera Zorotypidae Zorotypus hubbardi DQO013288
Zoraptera Zorotypidae Zorotypus sp.MY1 DQO013289
Zoraptera Zorotypidae Zorotypus sp.MY2 DQO013291
Zoraptera Zorotypidae Zorotypus sp.VN DQO013290
Phasmatodea Timematidae Timema knulli AF423806
Blattodea Polyphagidae Polyphaga aegyptiaca AF220575
Blattodea Blattellidae Blattella germanica AF220573
Blattodea Blattellidae Supella longipalpa AY491149
Blattodea Blaberidae Gromphadrhina laevigata AY210820
Embioptera Notoligotomidae Notoligotoma sp. AY338693
Psocodea Prionoglarididae Prionoglaris sp. AY630456
Psocodea Lepidopsocidae Echmepteryx madagascariensis AY 630447
Psocodea Troctopsocidae Selenopsocus sp. AY630457
Psocodea Archipsocidae Archipsocus sp. AY 630479
Psocodea Epipsocidae Epipsocus sp. AY 630539
Psocodea Ectopsocidae Ectopsocus perkinsi AY630510
Psocodea Mesopsocidae Mesopsocus hongkongensis AY630516
Psocodea Pachytroctidae Tapinella sp. AY 630466
Psocodea Pedicinidae Pedicinus sp. AYO077777
Thysanoptera Thripidae Frankliniella sp. AY 630445
Thysanoptera Phlaeothripidae Idolothrips spectrum AY 630443
Diptera Drosophilidae Drosophila melanogaster M21017
References Boudreaux, H.B., 1979. Arthropod Phylogeny, with Special Reference

Alfaro, M.E., Zoller, S., Lutzoni, F., 2003. Bayes or bootstrap? A
simulation study comparing the performance of Bayesian Markov
chain Monte Carlo sampling and bootstrapping in assessing
phylogenetic confidence. Mol. Biol. Evol. 20, 255-266.

Barker, S.C., Whiting, M., Johnson, K.P., Murrell, A., 2003. Phylog-
eny of the lice (Insecta, Phthiraptera) inferred from small subunit
rRNA. Zool. Scr. 32, 407-414.

Bitsch, J., Bitsch, C., Bourgoin, T., d’Haese, C., 2004. The phyloge-
netic position of early hexapod lineages: morphological data
contradict molecular data. Syst. Entomol. 29, 433-440.

to Insects. Wiley, New York.

Brodsky, L.I., Vasiliev, A.V., Kalaidzidis, Y.L., Osipov, Y.S.,
Tatuzov, R.L., Feranchuk, S.I., 1992. GeneBee: the program
package for biopolymer structure analysis. Dimacs 8, 127-139.

Brodsky, L.I., Ivanov, V.V., Kalai dzidis, Y.L., Leontovich, A.M.,
Nikolaev, V.K., Feranchuk, S.I., Drachev, V.A., 1995. GeneBee-
NET:Internet-based server for analyzing biopolymers structure.
Biochemistry 60, 923-928.

Campbell, B.C., Steffen-Campbell, J.D., Sorensen, J.T., Gill, R.J.,
1995. Paraphyly of Homoptera and Auchenorrhyncha inferred
from 18S rDNA nucleotide sequences. Syst. Entomol. 20, 175-194.

502
503
504
505
506
507
508
509
510



511
512
513

514
515
516

517
518
519
520

521
522

523
524
525

526
527

528
529
530
531
532

533
534

535
536

537
538

539
540

541
542
543
544

545
546

547
548
549

550
551

552
553
554

555
556

557
558
559

560
561

562
563

YMPEV 1958

ARTICLE IN PRESS

14 June 2005 Disk Used

No. of Pages 9, DTD =5.0.1
Sankar (CE) / Selvi (TE)

K. Yoshizawa, K.P. Johnson | Molecular Phylogenetics and Evolution xxx (2005) xxx—xxx 9

Chao, R.F., Chen, C.S., 2000. Formosozoros newi, a new genus and
species of Zoraptera (Insecta) from Taiwan. Pan-Pacific Entomol.
76, 24-27.

Cummings, M.P., Handley, S.A., Myers, D.S., Reed, D.L., Rokas, A.,
Winka, K., 2003. Comparing bootstrap and posterior probability
values in the four-taxon case. Syst. Biol. 52, 187-477.

Engel, M.S., Grimaldi, D.A., 2000. A winged Zorotypus in Miocene
amber from the Dominican Republic (Zoraptera: Zorotypidae),
with discussion on relationships of and within the order. Acta
Geol. Hispanica 35, 149-164.

Engel, M.S., Grimaldi, D.A., 2002. The first Mesozoic Zoraptera
(Insecta). Am. Mus. Novitates 3362, 1-20.

Erixon, P., Svennbland, B., Britton, T., Oxelman, B., 2003. Reliability
of Bayesian posterior probabilities and bootstrap frequencies in
phylogenetics. Syst. Biol. 52, 665-673.

Felsenstein, J., 1978. Cases in which parsimony and compatibility
methods will be positively misleading. Syst. Zool. 27, 401-410.
Gillespie, J.J., McKenna, C.H., Gutell, R.R., Johnston, J.S., Kath-
irithamby, J., Cognato, A.L., in press. Assessing the odd secondary
structural properties of nuclear small subunit ribosomal RNA
sequences (18S) of the twisted-wing parasites (Insecta: Strepsiptera).

Insect. Mol. Biol.

Hennig, W., 1981. Insect Phylogeny (ed. and translated by A. C. Pont).
Wiley, New York.

Huelsenbeck, J.P., 1997. Is the Felsenstein zone a fly trap? Syst. Biol.
46, 69-74.

Huelsenbeck, J.P., Hillis, D.M., 1993. Success of phylogenetic methods
in the four-taxon case. Syst. Biol. 42, 247-265.

Huelsenbeck, J.P., Ronquist, F., 2001. MrBayes: Bayesian inference on
a phylogeny. Bioinformatics 17, 754-755.

Johnson, K.P., Cruickshank, R.H., Adams, R.J., Smith, V.S., Page,
R.D.M., Clayton, D.H., 2003. Dramatically elevated rate of
mitochondrial substitution in lice (Insecta: Phthiraptera). Mol.
Phylogenet. Evol. 26, 231-242.

Johnson, K.P., Yoshizawa, K., Smith, V.S., 2004. Multiple origins of
parasitism in lice. Proc. R. Soc. Lond. B 271, 1771-1776.

Kjer, K.M., 1995. Use of rRNA secondary structure in phylogenetic
studies to identify homologous positions: an example of alignment
and data presentation from the frogs. Mol. Biol. Evol. 4, 314-330.

Kjer, K.M., 2004. Aligned 18S and insect phylogeny. Syst. Biol. 53,
506-514.

Kristensen, N.P., 1975. The phylogeny of hexapod orders. A critical
review of recent accounts. Zeitschrift fiir zoologische Systematik
und Evolutionsforschung 13, 1-44.

Kristensen, N.P., 1981. Phylogeny of insect orders. Ann. Rev.
Entomol. 26, 135-157.

Kukalova-Peck, J., Peck, S.B., 1993. Zoraptera wing structures:
evidence for new genera and relationship with the blattoid orders
(Insecta: Blattoneoptera). Syst. Entomol. 18, 333-350.

Lewis, P.O., Holder, M.T., Holsinger, K.E., in press. Polytomies and
Bayesian phylogenetic inference. Syst. Biol.

Minet, J., Bourgoin, T., 1986. Phylogénie et classification des
Hexapodes (Arthropoda). Cah. Liaison, O.P.L.E. 20 (4), 23-28.

New, T.R., 1978. Notes on Neotropical Zoraptera, with descriptions of
two new species. Syst. Entomol. 3, 361370.

New, T.R., 2000. Zoraptera (Insecta) in east Malaysia: notes on
Zorotypus caudelli Karny. Orient. Insects 34, 7782.

Ouvrard, D., Campbell, B.C., Bourgoin, T., Chan, K.L., 2000. 18S
rRNA secondary structure and phylogenetic position of Pelori-
diidae (Insecta, Hemiptera). Mol. Phylogenet. Evol. 16, 403-
417.

Page, R.D.M., Cruickshank, R., Johnson, K.P., 2002. Louse (Insecta:
Phthiraptera) mitochondrial 12S rDNA secondary structure is
highly variable. Insect. Mol. Biol. 11, 361-369.

Posada, D., Crandall, K.A., 1998. MODELTEST: testing the model of
DNA substitution. Bioinformatics 14, 817-818.

Rambaut, A., Drummond, A., 2004. TRACER v1.2. Distributed by
authors from URL at http://evolve.zoo.ox.ac.uk/beast/.

Shao, R., Dowton, M., Murrell, A., Barker, S.C., 2003. Rates of gene
rearrangement and nucleotide substitution are correlated in the
mitochondrial genomes of insects. Mol. Biol. Evol. 20, 1612-1619.

Simmons, M.P., 2004. Independence of alignment and tree search.
Mol. Phylogenet. Evol. 31, 874-879.

Simmons, M.P., Pickett, K.M., Miya, M., 2004. How meaningful are
Bayesian support values? Mol. Biol. Evol. 21, 188-199.

Smithers, C.N., 1991. Zoraptera. In: Naumann et al. (Eds.), Insect of
Australia. Cornell University Press, New York, pp. 410-411.

Swofford, D.L., 2002. PAUP*: phylogenetic analysis using parsimony
(*and other methods), version 4 beta. Sinauer, MA.

Vawter, L., 1991. Evolution of blattoid insects and of the small subunit
ribosomal RNA gene. Unpublished PhD Thesis, University of
Michigan.

Wheeler, W.C., Whiting, M., Wheeler, Q.D., Carpenter, J.M., 2001.
The phylogeny of the extant hexapod orders. Cladistics 17, 113—
169.

Whiting, M.F., Carpenter, J.C., Wheeler, Q.D., Wheeler, W.C., 1997.
The Strepsiptera problem: phylogeny of the holometabolous insect
orders inferred from 18S and 28S ribosomal DNA sequences and
morphology. Syst. Biol. 46, 1-68.

Wuyts, J., De Rijk, P., Van de Peer, Y., Pison, G., Rousseeuw, P., De
Wachter, R., 2000. Comparative analysis of more than 3000
sequences reveals the existence of two pseudoknotes in area V4 of
eukaryotic small subunit ribosomal RNA. Nucleic Acids Res. 28,
4698-4708.

Yoshizawa, K., Johnson, K.P., 2003. Phylogenetic position of Phthi-
raptera (Insecta: Paraneoptera) and elevated rate of evolution in
mitochondrial 12S and 16S rDNA. Mol. Phylogenet. Evol. 29, 102—
114.

Yoshizawa, K., Saigusa, T., 2001. Phylogenetic analysis of paraneopt-
eran orders (Insecta: Neoptera) based on forewing base structure,
with comments on monophyly of Auchenorrhyncha (Hemiptera).
Syst. Entomol. 26, 1-13.

Yoshizawa, K., Saigusa, T., 2003. Reinterpretations of clypeus and
maxilla in Psocoptera, and their significance in phylogeny of
Paraneoptera (Insecta: Neoptera). Acta Zool. (Stockholm) 84, 33—
40.

564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617


http://evolve.zoo.ox.ac.uk/beast/

	Aligned 18S for Zoraptera (Insecta): Phylogenetic position and molecular evolution
	Introduction
	Materials and methods
	Results
	Sequences and data evaluation
	Phylogenetic analyses

	Discussion
	18S of Zoraptera
	Phylogenetic analyses
	Concluding comment

	Uncited reference
	Acknowledgments
	 nbsp 
	References


