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Abstract

Chelicerates are a diverse group of arthropods, with around 65,000 described species occupying a wide range of habitats. Many phy-
logenies describing the relationships between the various chelicerate orders have been proposed. While some relationships are widely
accepted, others remain contentious. To increase the taxonomic sampling of species available for phylogenetic study based on mitochon-
drial genomes we produced the nearly complete sequence of the mitochondrial genome of the scorpion Mesobuthus gibbosus. Mitochon-
drial gene order in M. gibbosus largely mirrors that in Limulus polyphemus but tRNA secondary structures are truncated. A recent
analysis argued that independent reversal of mitochondrial genome strand-bias in several groups of arthropods, including spiders and
scorpions, could compromise phylogenetic reconstruction and proposed an evolutionary model that excludes mutational events caused
by strand-bias (Neutral Transitions Excluded, NTE). An arthropod dataset of six mitochondrial genes, when analyzed under NTE, yields
strong support for scorpions as sister taxon to the rest of Chelicerata. We investigated the robustness of this result by exploring the effect
of adding additional chelicerate genes and taxa and comparing the phylogenies obtained under different models. We find evidence that (1)
placement of scorpions arising at the base of the Chelicerata is an artifact of model mis-specification and scorpions are strongly sup-
ported as basal arachnids and (2) an expanded chelicerate dataset finds support for several proposed interordinal relationships (ticks plus
mites [Acari] and spiders plus whip spiders plus whip scorpions [Araneae + Pedipalpi]). Mitochondrial sequence data are subject to sys-
tematic bias that is positively misleading for evolutionary inference and thus extreme methodological care must be taken when using them
to infer phylogenies.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction shoe crabs) interest. Sea spiders (class: Pycnogonida) are

sometimes considered chelicerates but several alternative

1.1. Chelicerates

The chelicerates (subphylum Chelicerata) are a diverse
group of arthropods including many organisms of medical
(Ixodes scapularis, a Lyme disease vector), economic (Rhipi-
cephalus [formerly Boophilus, see Barker and Murrell, 2004]
microplus, a cattle tick) and evolutionary (Xiphosura, horse-
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hypotheses have not been ruled out (Dunlop and Arango,
2005). The phylogenetics of chelicerates has been studied at
many levels, from the species (Dobson and Barker, 1999) to
the phylum (Mallatt et al., 2004). Major problems are the
relationships between the various chelicerate orders, for
which many solutions have been proposed but on which a
consensus is yet to be reached (Weygoldt, 1998). In particu-
lar, the phylogenetic position of the Scorpiones, a key order
in the arachnid phylogeny, is highly disputed (Weygoldt,
1998; Dunlop and Braddy, 2001; Dunlop and Webster, 1999;
Giribet et al,, 2002; Wheeler and Hayashi, 1998). Scorpions
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have been variously proposed to be basal (Hypothesis 1,
Fig. 1a) or derived (Hypothesis 3, Fig lc) arachnids
(reviewed in Wheeler and Hayashi, 1998). Although scorpi-
ons are a key taxon for the understanding of chelicerate evo-
lution, current sequence datasets are limited in extent. In
particular, scorpion mitochondrial genomes have not been
fully exploited (Gantenbein and Largiader, 2003). Fourteen
complete mitochondrial genomes from Acari (ticks and
mites), three from spiders, and one from a New World scor-
pion (Centruroides limpidus: Buthidae) have been sequenced.
Here, we describe the mitochondrial genome of the East
Mediterranean scorpion Mesobuthus gibbosus (Buthidae)
and use it to further explore chelicerate relationships.

1.2. Multigene datasets

Hypotheses regarding the relationships between cheli-
cerate orders have been largely based on morphology
(Weygoldt and Paulus, 1979; Giribet et al., 2002; Wheeler
and Hayashi, 1998; Regier and Shultz, 2001). Nuclear ribo-
somal RNA genes have been used for wider arthropod and
chelicerate phylogeny (Mallatt and Giribet, 2006; Wheeler
and Hayashi, 1998). Here, we examine the utility of mito-
chondrial sequence data for addressing questions of cheli-
cerate phylogeny. Recent data suggest that large datasets,

a Hypothesis 1/2
Other Arachnids

Scorpiones
Xiphosura
Outgroup

b Hypothesis 3

Scorpiones
Araneae

Other Arachnids
Xiphosura
Outgroup

C Hypothesis 4

Other Arachnids
Xiphosura
Scorpiones

Outgroup

Fig. 1. Summary trees showing various phylogenetic hypotheses regarding
the placement of Scorpiones. Scorpiones are shown (a) as sister taxon to
other arachnids (b) as sister taxon to other chelicerates (c) as derived
arachnids forming a sister taxon to Araneae.

comprising many genes, can resolve problematic phyloge-
nies with a high degree of confidence (Philippe et al., 2005a;
Rokas et al, 2003). By combining the information from
multiple gene sequences, clades can be recovered that are
not recovered under analysis of any of the individual genes
(‘hidden support’, described in de Queiroz and Gatesy,
2006). Different genes with different evolutionary rates may
give strong phylogenetic signals at different depths in a phy-
logenetic tree (Giribet, 2002). Thus, by including multiple
genes in a phylogenetic study, one could obtain a tree that
any single gene would be unable to resolve, as advocated
earlier by the total evidence proponents (e.g., Kluge, 1989;
Nixon and Carpenter, 1996). The use of multiple genes for
phylogenetics comes with its own set of difficulties, the most
significant of which are computational complexity, and the
need for evolutionary models that describe the variation
between genes (Pupko et al., 2002). As the number of genes
(and hence the number of characters) included in a multiple
sequence alignment grows, so does the time required to
evaluate the likelihood or parsimony score of a correspond-
ing phylogenetic tree and hence the time required to execute
tree search algorithms. The choice of evolutionary model,
always a critical issue in phylogenetic reconstruction (Lem-
mon and Moriarty, 2004), is particularly important where
multiple genes are involved. If the genes evolve under differ-
ent evolutionary constraints, a single model of DNA evolu-
tion may not accurately describe the history of all
characters in the alignment, and separate models and
parameters may have to be assigned to each gene. Addi-
tionally, if some gene sequences are unavailable for some
taxa, the alignment may have an appreciable proportion of
missing data which may adversely affect the robustness of
the tree (Wiens, 2003).

1.3. Strand-bias

In a single gene phylogenetic study involving few charac-
ters, the accuracy of the tree is limited by the amount of
phylogenetic signal present. In contrast, in a multigene
study, the accuracy of the tree is more likely to be limited
by systematic errors. Phenomena such as differing substitu-
tion rates between lineages (Brinkmann et al., 2005; Felsen-
stein, 1978), differing patterns of rates between lineages
(Gadagkar and Kumar, 2005; Philippe et al., 2005b) and
compositional bias (Galtier and Gouy, 1995) have all been
found to lead to tree reconstruction artifacts. Model choice
has been shown to be a key factor in overcoming difficulties
associated with analysis of biased sequences (Lemmon and
Moriarty, 2004; Posada and Buckley, 2004; Sullivan and
Swofford, 2001). Additionally, differing patterns of evolu-
tion between genes can cause problems in phylogenetic
reconstruction under models that fail to take inter-gene
differences into account (Nylander et al., 2004).

All sequences in non-recombining animal mitochondrial
genomes are tightly linked and, in some respects, behave as
a single gene. It might therefore be supposed that mito-
chondrial gene sets would be affected by biases to a similar
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degree, and hence show fewer differences between genes.
Recently, strand-bias in mitochondrial genomes has been
shown to have a misleading effect on phylogenetic recon-
struction (Hassanin, 2006; Hassanin et al., 2005). In typical
metazoan mitochondrial genomes one strand shows a com-
positional bias towards A and C nucleotides (positive AT
and CG skew). This has been proposed to be caused by the
asymmetry of the replication and transcription processes.
In some arthropod species, comparisons of orthologous
genes reveal a reversed bias (towards T and G nucleotides),
which is believed to be driven by inversion of the mitochon-
drial control region (Reyes et al., 1998; Tanaka and Ozawa,
1994). In phylogenetic studies, some taxa with reverse
strand-bias have been shown to cluster together artefactu-
ally when analyzed under standard evolutionary models
(Hassanin, 2006). Hassanin et al. specified a novel recoding
scheme (Neutral Transitions Excluded, NTE) which, by
excluding neutral or quasi-neutral transitions, eliminates
changes driven by both normal and reverse strand-bias.
When analyzed under the NTE model, a dataset of six
mitochondrial protein-coding genes for 71 arthropod spe-
cies yielded a phylogeny with Chelicerata monophyletic
and Scorpiones as sister taxon to all other chelicerates
(Hassanin, 2006, Hypothesis 2, Fig. 1). To investigate the
robustness of this result, and the utility of the NTE model
for chelicerate phylogeny using mitochondrial data, we
used a bioinformatics pipeline to mine publicly available
sequence data and assemble a dataset of aligned chelicerate
mitochondrial genes, including species for which only a few
mitochondrial gene sequences were available. Bayesian
phylogenetic analysis was performed on subsets of these
sequences using a variety of evolutionary models.

2. Materials and methods
2.1. Mesobuthus mitochondrion

The sequenced mtDNA is of a specimen of M. gibbosus
collected by V.F. from Visitsa, Mt. Pilion, Eastern Thessaly,
Greece. Fresh DNA was extracted using the Puregene
extraction kit (Gentra). About 200-400ng total genomic
DNA was used for 50 pl PCR. Amplicons were checked for
single bands on agarose gels, and subsequently purified as
previously described (Gantenbein and Largiader, 2003).
The three overlapping fragments were sequenced with the
primer walking technique. PCR primers and internal
sequencing primers are given in Supplementary Material.
Amplification was performed using the expand-long tem-
plate PCR system from Roche and the following cycling
profile: 94°C for 2min, 10 cycles (94 °C for 15s, 55°C for
1 min, 68 °C for 4min), and 20 cycles (94 °C for 15s, 54°C
for 1 min, 68 °C for 4min + 15 s every cycle), final extension
at 68 °C for 15min. PCR products were subcloned into the
plasmid vector pCR2.1 using the TOPO Cloning Kit (Invit-
rogen). At least four positive clones per transformation
were picked and sequenced with M 13 and internal sequenc-
ing primers using the primer walking technique.

Sequencing reactions were carried out using Big Dye
according to the manufacturer’s protocol and were ana-
lyzed on an automated sequencer (either ABI377XL or
ABI3730). Only sequences with <5% ambiguities were con-
sidered for analysis. A total of 96 sequences were aligned to
produce the final contig (51 sequences on the forward
strand and 45 on the reverse strand). Five percent of the
bases were sequenced only once and the average sequence
coverage was ~5-fold.

A consensus sequence was built using Seqman from the
Dnastar package (using a minimum sequence identity of
80%) and imported into Jellyfish for annotation. The pro-
tein-coding genes were identified by the presence of an open
reading frame and by similarity of inferred amino acid
sequences to those of other complete chelicerate mitochon-
drial genomes available from public databases. Abbrevi-
ated stop codons of “T”-type (which are completed by
post-transcriptional polyadenylation) were assumed if they
matched with the boundary of a downstream gene or were
found less that 20 bp before the adjacent gene.

The boundaries of the small ribosomal (12S rRNA) and
the large ribosomal (16S rRNA) RNA genes were deter-
mined by prediction of the secondary RNA structure using
the Vienna RNAserver (Hofacker, 2003) and subsequent
comparison with other arthropods (Wuyts et al., 2004).
Additionally, a multiple sequence alignment of the scorpion
mitochondrial genome with that of 13 other chelicerates
was performed to further confirm the gene boundaries
(Mallatt et al., 2004; Masta and Boore, 2004).

For the identification of tRNAs the program tRNA-
scan-SE 1.21 (Lowe and Eddy, 1997) was used, following
the protocol of Masta and Boore (2004) and relaxing
search parameters (Cove cut-off to >0.1). The N-tRNA
gene was manually annotated by finding instances of the
appropriate codon and aligning the surrounding sequence
to N-tRNA from the scorpion Centruroides limpidus. tRNA
structures were drawn using the graphic view option imple-
mented in tRNAscan-SE. For gene abbreviations we fol-
lowed Masta and Boore (2004).

2.2. Bioinformatics

A bioinformatics pipeline (Jones and Blaxter, 2006;
available from http://www.nematodes.org/bioinformatics/),
utilising Perl, BioPerl (Stajich et al., 2002) and a number of
other tools, was used to carry out the processes of sequence
extraction, consensus building, alignment, taxon selection
and phylogenetic reconstruction. At each stage of the anal-
ysis, output was stored in a relational database for retrieval
in the next stage.

2.3. Sequence extraction

All GenBank records for chelicerate species were
obtained through NCBI ENTREZ (http://
www.ncbi.nlm.nih.gov/entrez/, 23/6/2005) and the sequences
of interest (corresponding to the genes ATP6, ATPS,
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COX1, COX2, COX3, CYTB, ND1, ND2, ND3, ND4,
NDA4L, ND5, ND6, RNA_12S, RNA_16S, RNA_SSU, and
RNA_LSU) extracted based on annotation. Sequences of
interest were also obtained for the following outgroup
arthropods: Drosophila melanogaster (Hexapoda, Diptera),
Triatoma dimidiata (Hexapoda, Heteroptera), Triops cancr-
iformis (Crustacea, Notostraca), Daphnia pulex (Crustacea,
Cladocera), Scutigera coleoptrata (Myriapoda, Scutigero-
morpha). EST sequences (those derived from expressed
sequence tags, e.g., Kenyon et al., 2003) were processed sep-
arately: a BLAST (Altschul etal, 1997) database was
assembled containing complete translated protein
sequences for the protein-coding genes of interest from a
range of chelicerate species, and filtered at 80% redundancy
using BLASTCLUS. To screen EST sequences for genes of
interest, each EST was used as the query sequence in a
BLASTX search of this database. If the EST sequence had
a hit in the database with an E-value of less than le~8, it
was assigned the same gene name as that of the hit. A simi-
lar screening protocol was used to identify mitochondrial
ribosomal RNA (rRNA) genes, using a database of com-
plete rRNA gene sequences from a range of chelicerate spe-
cies in a BLASTN search.

2.4. Consensus building

For each of the genes of interest, a consensus sequence
was built for each species using a rule-based approach.
Sequences derived from fully sequenced genomes were pre-
ferred over sequences extracted on the basis of annotation,
which were, in turn, preferred over EST sequences
extracted on the basis of BLAST similarity to known
sequences. If multiple sequences of a single type were avail-
able (e.g., there were two annotated sequences present for a
gene in a particular species), phrap (Gordon et al., 1998)
was used to generate a consensus sequence, with the longest
consensus sequence being preferred if multiple consensus
sequences were generated. Consensus sequences that were
very short (<30 bases), contained long mononucleotide/
dinucleotide runs (>12 bases) or produced incomplete
translations were removed.

2.5. Alignment

For each gene of interest, a multiple sequence alignment
was generated using POA (Lee et al., 2002). In preliminary
analyses the local alignment strategy used in POA proved
to be a good solution for aligning sequences with missing
data. For protein-coding genes, the alignment was carried
out in two stages. Firstly, the translated protein sequences
for all genome-derived and annotated sequences were
aligned, then the nucleotide sequences aligned with TRAN-
ALIGN from the EMBOSS package (Olson, 2002) using
the protein alignment as a guide. Secondly, any EST-
derived sequences were aligned to this nucleotide alignment
using the POA profile alignment option. Aligned DNA
sequences were stored in the database. Complete DNA

alignments for each individual gene were analyzed using
Modeltest (Posada and Crandall, 1998). The model selected
by Akaike information criterion (AIC) was, in each case,
either General Time Reversible (GTR) or Tamura—Nei
(TrN), with gamma rate variation between sites (G) and a
proportion of invariant sites (I) selected in all cases.

2.6. CG skew

For each gene, third codon position bases were extracted
from sequences from species in the D1 dataset. CG skew
was calculated from 5’ to 3’ in each gene for those bases
using the following formula: where C and G represent the
proportion of C and G nucleotides, respectively. Skew was
calculated both before and after NTE recoding. Under the
NTE recoding scheme, all third codon position bases are
recoded as purine (R) or pyrimidine (Y). For NTE-recoded
sequences, the proportion of C and G nucleotides was cal-
culated as half the proportion of Y and R nucleotides,
respectively.

2.7. Phylogenetic analysis

Multiple sequence alignments suitable for phylogenetic
analysis were generated by specifying a subset of genes and
a subset of taxa and extracting the corresponding pre-
aligned sequences from the database. Multiple sequence
alignments are available from the corresponding author on
request. The alignments were analyzed using MrBayes 3.1
(Ronquist and Huelsenbeck, 2003). Several different
analyses were carried out on the D1 and D2 datasets
(Table 2). By default, a GTR + 1+ G model (nst = 6; rates =
invgamma) was applied to all alignments. For those models
where the NTE scheme was used, bases were recoded
according to Hassanin, Leger and Deutsch (2005) and third
codon position bases were assigned to a separate partition
with two substitution types (nst=2). For those models
where the alignment was partitioned by gene base frequen-
cies, substitution rates, alpha parameters and proportions
of invariant sites were unlinked across partitions, and a rate
multiplier was used to allow rate variation between parti-
tions.

Analyses were carried out in MrBayes 3.1.2 using default
MCMCMC parameters (two independent runs with one
cold chain and three heated chains per run) for 1,000,000
generations. Convergence of split frequencies and flattening
of likelihood scores were inspected to ensure stationarity
and convergence between runs and the first 100,000 genera-
tions (10%) discarded as burn-in. Trees sampled after the
burn-in period were summarized to give the 50% majority
rule consensus tree. To calculate Bayes factor support for
the hypothesis corresponding to the optimal tree, analyses
were run using parameter estimates from the initial analysis
with the following taxa constrained to be monophyletic:
Hypothesis 2—Ixodes hexagonus, Mastigoproctus gigan-
teus, Limulus polyphemus, Argiope bruennichi, Phrynus sp.,
Leptotrombidium  pallidum, Heptathela hangzhouensis,
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Cario capensis;, Hypothesis 3—Argiope bruennichi, Hep-
tathela hangzhouensis, Mesobuthus gibbosus, Euscorpius
Sflavicaudis.

3. Results
3.1. Genome annotation and tRNA scanning

We have sequenced nearly all of the mitochondrial
genome of M. gibbosus (15,681 bp). The sequence has been
deposited in the EMBL sequence database under accession
AJ716204. The genome is AT-rich, having a GC content of
31.6%. About 300bp of the M. gibbosus mitochondrial
genome were not sequenced due to highly repetitive and
AT-rich DNA motifs in the putative D-loop (control
region). Most protein-coding genes in the M. gibbosus mito-
chondrial genome are initiated with the start codon ATG.
However, alternative initiation codons ATN are used for
the genes atp8, nadl, nad2, nad4, nad5 and nad6. For termi-
nation, both stop codons (TAA, TAG) and the incomplete
stop codon “T” (coxIl, coxIIl, nad3, nad4, nad5 and nad6)
are used. Initial analysis of the genome sequence using
tRNAscan (Lowe and Eddy, 1997) with default parameters
identified eleven tRNA genes (A, F, L K, M, R, T, S1, P, W
and Y). Using the variant model for nematode tRNA genes
and reducing stringency settings identified 10 additional
tRNA genes. The tRNA-N gene could only be identified
manually. Four of the tRNA genes conspicuously lack a
TYC arm (a phenomenon previously described in spiders
(Masta and Boore, 2004) and nematodes (Wolstenholme
et al, 1987) and five had extremely short aminoacyl recep-
tor stems with atypical base-pairing (see Supplementary
Materials for predicted structures of all M. gibbosus mito-
chondrial tRNAs).

Mitochondrial genome gene order has been used as a
phylogenetic marker (Boore and Brown, 1998, 2000). The
gene order of the M. gibbosus mitochondrial genome (see
Supplementary Material for a map of the genome) is identi-
cal to that of the recently sequenced New World buthid
scorpion, Centruroides limpidus (Davila et al., 2005). Gene
order is more conserved between M. gibbosus and the
horseshoe crab Limulus polyphemus (three tRNA gene rear-
rangements) than between L. polyphemus and the spider
Habronattus oregonensis (eight tRNA gene rearrange-
ments).

3.2. Phylogenetic analysis

We examined a subset (D1) consisting of 12 protein-cod-
ing genes for species from the chelicerate orders considered
in Hassanin (2006). We then examined a second subset (D2)
containing sequences from additional chelicerate orders,
which incorporated a significant proportion of missing
data. In all analyses of D1 and D2, Pycnogonida was placed
within the ticks and mites. Placement of Pycnogonida with
Acari has been suggested previously (reviewed in Dunlop
and Arango, 2005) but is unexpected, since morphological

evidence has been found to place pycnogonids as sister
taxon to all other chelicerates or to all other arthropods
(e.g., Maxmen et al., 2005; see Giribet et al., 2005). Owing to
the unexpectedness of this result, and the relatively small
amount of sequence data available for Pycnogonida (~40%
in D1, ~30% in D2) we regard this placement as tentative
until confirmed by future analyses and have therefore
ignored Pycnogonida when describing relationships in the
following sections.

3.3. Dataset D1: mostly complete mitochondrial genomes

The D1 dataset consisted of 12 protein-coding genes for
11 chelicerate species and five outgroup species (Table 1).
To keep the analysis computationally tractable, we used
only a subset of the taxa for which mitochondrial genomes
are available, selecting taxa to obtain the widest taxonomic
coverage. In preliminary analyses, all orders were found to
be monophyletic (with the exception of Acari because Var-
roa destructor behaves erratically under phylogenetic analy-
sis due to its extremely high AT content [Navajas et al.,
2002]) and inclusion of multiple representatives of each
order did not alter the results. In order to investigate the
effect of model, recoding scheme and codon position
weighting on the phylogeny, six analyses were carried
which are given in Table 2, along with the summary trees
supported under each model (Fig. 2). The analyses differ in
(1) the inclusion or exclusion of the third bases of codons
(2) the use of the NTE recoding scheme and (3) permitting
each gene to have different model parameters (partitioning).

Different phylogenies were obtained from Bayesian anal-
ysis of the D1 dataset under the different analyses (Fig. 2;
hypotheses in Fig. 1). The three analyses in which third
codon position bases were excluded yielded similar trees
(Hypothesis 2) with support for scorpions as sister taxon to
other chelicerates (rendering Arachnida paraphyletic). The
analysis using the GTR+1+G model with partitioning
(Fig. 2a) gave a tree with the remaining arachnids divided
into two clades; one of spiders and related orders
((Araneae + Uropygi) + Amblypygi) and one of mites and
ticks (Ixodida + Trombidiformes). Using the NTE recoding
scheme (Fig. 2b), an identical tree was recovered with the
exception of rearrangements within the two major arachnid
clades. In the analysis using the NTE recoding scheme with
partitioning (Fig. 2¢), the tree was identical to that obtained
under the NTE analysis except for the relationships within
the clade of mites and ticks, which were identical with those
of the GTR partitioned tree, and the reduced support for
scorpions as sister taxon to other chelicerates (75% com-
pared to 95%).

When third codon position bases were included, each
analysis recovered a different tree. Under the GTR +3p
analysis (Fig. 2d) scorpions were no longer sister taxon to
all other chelicerates. A clade of scorpions and the spider
Argiope  bruennichi ~ was recovered, with a
(Uropygi+ Heptathela hangzhousensis) clade as a sister
group (summary tree ¢ with the exception of paraphyletic
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Table 1
List of taxa included in datasets D1 and D2
Taxon Order® NCBI TXID® Ref. Seq. ID¢ Citation? DI (12,669 characters)® D2 (15,950 characters)"
No. chars.t % Present” No. chars® % Present"
Unidentified Opilioacarid  Opilioacarida 150113 — — — 257 1.61%
Unidentified Allothyrid Holothyrida 91335 — — — 539 3.38%
Steganacarus magnus Oribatida 52000 — — — 387 2.43%
Camisia horrida Oribatida 240610 — — — 597 3.74%
Sarcoptes scabei Astigmata 197185 — — — 7394 46.36%
Opilio parietinus Opiliones 121214 — — — 478 3.00%
Ixodes hexagonus Ixodida 34612 NC_002010 Black and Roehrdanz 11820 93.30% 14449 90.59%
(1998)
Mastigoproctus giganteus  Uropygi 58767 — 3756 29.65% 4150 26.02%
Limulus polyphemus Xiphosura 6850 NC_003057 Lavrov, Boore and 12108 95.57% 14692 92.11%
Brown (2000)
Argiope bruennichi Araneae 94029 — — 4857 38.34% 4863 30.49%
Phrynus sp. Amblypygi 309714 — 5154 40.68% 5165 32.38%
Endeis spinosa Pycnogonida 136194 — 5019 39.62% 5030 31.54%
Mesobuthus gibbosus Scorpiones 123226 NC_006515 This work 12090 95.43% 14331 89.85%
Euscorpius flavicaudis Scorpiones 100976 — 4926 38.88% 6100 38.24%
Leptotrombidium pallidum Trombidiformes 279272 NC_007177  Shao et al. (2005) 11487 90.67% 13776 86.37%
Heptathela hangzhouensis Araneae 216259 NC_005924 Qiu et al. (2005) 11997 94.70% 14472 90.73%
Carios capensis Ixodida 176285 NC_005291 11922 94.10% 14444 90.56%
Scutigera coleoptratal Scutigeromorpha 29022 NC_005870  Negrisolo et al. (2004) 11979 94.55% 14496 90.89%
Triops cancriformis' Notostraca 194544 NC_004465 Umetsu et al. (2002) 12063 95.21% 14613 91.62%
Daphnia pulex' Diplostraca 6669 NC_000844 Crease (1999) 12135 95.78% 14727 92.33%
Triatoma dimidiata’ Hemiptera 72491 NC_002609 Dotson and Beard 12003 94.74% 14578 91.40%
(2001)
Drosophila melanogaster’  Diptera 7227 NC_001709 12123 95.69% 14723 92.31%

% The order to which each species belongs (NCBI taxonomy).

® The Taxonomy ID (TXID) assigned to the species by the NCBI GenBank database.

¢ The Ref. Seq. ID (where applicable) for the complete mitochondrial genome sequence.

4 The citation (where applicable) for the complete mitochondrial genome sequence.

¢ Dataset Dl includes the following genes: ATP6, C0X1, C0X2, C0X3, CYTB, ND1, ND2, ND3, ND4, ND4L, ND5, ND6.

" Dataset D2 includes the following genes: ATP6, ATP8, C0X1, C0X2, C0X3, CYTB, NDI1, ND2, ND3, ND4, ND4L, ND5ND6, RNA_12S,
RNA_16S.

& No. chars.: the number of aligned characters in each species.

b 9% present: the proportion of bases in the complete alignment present in each species.

i Outgroup.
Table 2
Details of models of sequence evolution used in phylogenetic analyses of the D1 and D2 datasets
Analysis name® Model of base change Codon positions Recoded Partitioned DI tree® D2 tree®
GTRp GTR+G+F 1,2 n y¢ 4 4
NTE NTE+G+I° 12 yd n 4 —
NTEp NTE+G+I° 12 yd yf 4 —
GTR + 3p GTR+G +1IP 1,23 n y© 3 —
NTE +3 NTE+G+1I° 1,2,3 yd n 4 —
NTE + 3p NTE+G+I° 12,3 yd yf 12 12

# Name used to refer the analysis in the text. Codon positions 1 and 2 are included in all analyses. Third codon positions are only included in analyses
that contain +3. Analyses in which the dataset was partitioned by gene end in p.

® General Time Reversible (GTR) model applied to all bases (nst = 6 in MrBayes). All models include gamma rate variation and a proportion of invari-
ant sites.

¢ Neutral Transitions Excluded (NTE) model; GTR applied to first and second codon position bases (nst = 6) and two substitution type model applied
to third codon position bases (nst = 2). All models include gamma rate variation and a proportion of invariant sites.

4 Bases are recoded according to the NTE scheme of Hassanin, 2005. All third codon position bases and a subset of first and second codon position
bases are recoded as purine/pyrimidine (R/Y), eliminating phylogenetic signal caused by neutral and nearly-neutral transitions.

¢ The alignment is partitioned by gene. Each partition has independent base frequencies, transition rate matrix, gamma parameter and proportion of
invariant sites. A rate multiplier is used to permit rate variation between partitions.

I First and second codon position bases are partitioned by gene and all third codon position bases form a separate partition. Each partition has indepen-
dent base frequencies, transition rate matrix, gamma parameter and proportion of invariant sites. A rate multiplier is used to permit rate variation between
partitions.

¢ The hypothesis (see Section 1 and Fig.1) supported by each dataset under the analysis.

Please cite this article in press as: Jones, M. et al., The effect of model choice on phylogenetic inference using mitochondrial sequence
data: Lessons from the scorpions, Mol. Phylogenet. Evol. (2007), doi:10.1016/j.ympev.2006.11.017




M. Jones et al. | Molecular Phylogenetics and Evolution xxx (2007 ) xxx—xxx 7

Argiope bruennichi (Araneae)

Heptathela hangzhouensis (Araneae)
Mastigoproctus giganteus (Uropygi)
Phrynus sp (Amblypygi)

+ Ixodes hexagonus (xodida)

Carios capensis (Ixodida)

Leptotrombidium pallidum
(Trombidiformes)

Endeis spinosa (Pycnogonida)

Limulus polyphemus (Xiphosura)

_*\r Mesobuthus gibbosus (Scorpiones)
Euscorpius flavicaudis (Scorpiones)

* Daphnia pulex (Diplostraca)

Triops cancriformis (Notostraca)

Triatoma dimidiata (Hemiptera)

Drosophila melanogaster (Diptera)

o Scutigera coleoptrata (Scutigeromorpha) 0.200

Mastigoproctus giganteus (Uropygi)
Phrynus sp (Amblypygi)

C %

Argiope bruennichi (Araneae)
Heptathela hangzhouensis (Araneae)
Carios capensis (Ixodida)

Ixodes hexagonus (Ixodida)

Leptotrombidium pallidum
(Trombidiformes)

Endeis spinosa (Pycnogoenida)

Limulus polyphemus (Xiphosura)

*

Mesobuthus gibbosus (Scorpiones)
Euscorpius flavicaudis (Scorpiones)
Triatoma dimidiata (Hemiptera)

Drosophila melanogaster (Diptera)

Daphnia pulex (Diplostraca)

Triops cancriformis (Notostraca)

Scutigera coleoptrata (Scutigeromorpha) 0.200

Mastigoproctus giganteus (Uropygi)

Phrynus sp (Amblypygi)
Argiope bruennichi (Araneae)
Heptathela hangzhouensis (Araneae)

Endeis spinosa (Pycnogonida)

Leptotrombidium pallidum
(Trombidiformes)

Ixodes hexagonus (Ixodida)
Carios capensis (Ixodida)
b Limulus polyphemus (Xiphosura)

* Mesobuthus gibbosus (Scorpiones)
_:uscorpius flavicaudis (Scorpiones)
* Drosophila melanogaster (Diptera)
Triatoma dimidiata (Hemiptera)

Triops cancriformis (Notostraca)

Daphnia pulex (Diplostraca)
0.200

Scutigera coleoptrata (Scutigeromorpha)

Phrynus sp (Amblypygi)

b *

Mastigoproctus giganteus (Uropygi)
Argiope bruennichi (Araneae)
Heptathela hangzhouensis (Araneae)

Endeis spinosa (Pycnogonida)

Leptotrombidium pallidum
(Trombidiformes)

Ixodes hexagonus (Ixodida)

Carios capensis (Ixodida)

Limulus polyphemus (Xiphosura)

Mesobuthus gibbosus (Scorpiones)

*

Euscorpius flavicaudis (Scorpiones)
* Triatoma dimidiata (Hemiptera)

Drosophila melanogaster (Diptera)
Daphnia pulex (Diplostraca)
Triops cancriformis (Notostraca)

Scutigera coleoptrata (Scutigeromorpha) 0.200

d * Mesobuthus gibbosus (Scorpiones)
* _:usoorpius flavicaudis (Scorpiones)

Argiope bruennichi (Araneae)
Mastigoproctus giganteus (Uropygi)
Heptathela hangzhouensis (Araneae)

Carios capensis (Ixodida)
Ixodes hexagonus (Ixodida)

Endeis spinosa (Pycnogonida)
Leptotrombidium pallidum
(Trombidiformes)

Phrynus sp (Amblypygi)
Limulus polyphemus (Xiphosura)
Daphnia pulex (Diplostraca)

Triops cancriformis (Notostraca)

Triatoma dimidi

(Hemiptera)
Drosophila melanogaster (Diptera)
0.200

Scutigera coleop (Scutigeromorpha)

Mastigoproctus giganteus (Uropygi)

Phrynus sp (Amblypygi)

Heptathela h houensis (Araneae)

Argiope bruennichi (Araneae)
Ixodes hexagonus (Ixodida)

Carios capensis (Ixodida)

Leptotrombidium pallidum
(Trombidiformes)
Endeis spinosa (Pycnogonida)

Euscorpius flavicaudis (Scorpiones)

Mesobuthus gibbosus (Scorpiones)
Limulus polyphemus (Xiphosura)

Triatoma dimidiata (F )

Drosophila melanogaster (Diptera)
Triops cancriformis (Notostraca)
Daphnia pulex (Diplostraca)

Scutigera coleoptrata (Scutigeromorpha) 0.200

Fig. 2. Phylogeny reconstructed from the D1 dataset using Bayesian analysis under the following models: (a) GTRp (b) NTE (¢) NTEp (d) GTR + 3p (e)
NTE + 3 (f) NTE + 3p (see Table 2 for details of models). The order to which each species belongs is given in parentheses. The scale bar shows the branch
length associated with 0.200 expected changes per site. Labels on branches indicate the level of support: (x), posterior probability = 1.00; (+), posterior
probability = 0.9-0.99. Posterior probabilities of >0.9 are considered significant; lower posterior probabilities are not shown.
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Araneae). A clade of ticks and mites was recovered. A clade
consisting of Xiphosura + Amblypygi was sister taxon to all
other chelicerates. Under the NTE + 3 analysis (Fig. 2e) the
tree was identical to that found under NTE (summary tree
a) although with negligible support for scorpions as sister
taxon to all other chelicerates. Under the NTE + 3p analysis
(Fig. 2f) Arachnida was monophyletic, with Scorpions a sis-
ter taxon to the other arachnids, and Xiphosura as sister
taxon to the other chelicerates (Hypothesis 1). Two major
clades of arachnids were recovered; one of spiders and
related orders (Araneae + (Uropygi + Amblypygi)) and one
of mites and ticks (Ixodida + Trombidiformes). Analyses
under NTE + 3p when the tree was constrained to support
Hypothesis 2 or Hypothesis 3 yielded harmonic mean log-
likelihood estimates of —81,004.98 and —80,996.41, respec-
tively, compared with an estimate of —80,722.24 for the
optimal tree.

To test whether the data supported use of partitioned
model, we estimated harmonic mean log-likelihoods for
two pairs of analyses that varied only in the model; NTE
versus NTEp and NTE + 3 versus NTE + 3p. In each case
the partitioned model was  preferred: NTE:
—53885 < NTEp: —53193; NTE +3: —82056 < NTE + 3p:
—80721.

When CG skew was examined at third codon positions,
the species in the D1 dataset fell into two groups (Fig. 4).
For the majority of species the mitochondrial genes had a
characteristic pattern of positive and negative skew. Three
species (M. gibbosus, A. bruennichi, E. flavicaudis) had a
pattern that was the reversed relative to other species in the
genes for which data was available. After NTE recoding, no
such pattern was discernible.

3.4. Dataset D2: including single mitochondrial genes for
some taxa

The D2 dataset consisted of thirteen protein-coding
genes and two rTRNA genes for 17 chelicerate species and
five outgroup species (Table 1). The number and percentage
of characters present varied between taxa, ranging from 257
(1.61%) characters present for an unidentified Opilioacarid
(Opilioacaridae) to 14723 (92.31%) characters present for
D. melanogaster (outgroup). Taxa with complete mitochon-
drial genomes, such as D. melanogaster had ~8% missing
characters due to minor differences in sequence length
between taxa, resulting in end gaps. We included species
with a range of numbers of characters present to investigate
the effects of missing data on the phylogenetic placement of
‘neglected’ taxa.

Under the NTE+3p analysis (Fig. 3), Xiphosura was
robustly placed arising as sister taxon to the remaining cheli-
cerates, with Scorpiones a sister taxon to the remaining arach-
nids (Hypothesis 1) excluding Pycnogonida (see above).
Relationships within the arachnids were generally poorly
resolved, although some groups were strongly supported:
(Ixodida + Holothyrida) and (Uropygi+ Amblypygi). In the
GTRp analysis Hypothesis 2 was recovered (not shown).

Sarcoptes scabiei
(Astigmata)

Steganacarus magnus (Oribatida)

Leptotrombidium pallidum
(Trombidiformes)

|— Opilio parietinus (Opiliones)

— | — unidentified opilioacarid (Opilioacarida)

Camisia horrida (Oribatida)

+| Carios capensis (Ixodida)
Allothyridae gen sp (Holothyrida)
Ixodes hexagonus (Ixodida)

L Endeis spinosa (Pycnogonida)
— + Mastigoproctus giganteus (Uropygi)
_|: Phrynus sp (Amblypygi)
] Argiope bruennichi (Araneae)
_|——Heptathela hangzhouensis (Araneae)
* Euscorpius flavicaudis (Scorpiones)
4|_— Mesobuthus gibbosus (Scorpiones)

Limulus polyphemus (Xiphosura)

* Triatoma dimidiata (Hemiptera)
- Drosophila melanogaster (Diptera) 0.200
+1 Daphnia pulex (Diplostraca)

Triops cancriformis (Notostraca)

Scutigera coleoptrata (Scutigeromorpha)

Fig. 3. Phylogeny reconstructed from the D2 dataset using Bayesian anal-
ysis under the NTE + 3p model (see Table 2 for details of models). The
order to which each species belongs is given in parentheses. The scale bar
shows the branch length associated with 0.200 expected changes per site.
Labels on branches indicate the level of support: (%), posterior
probability = 1.00; (+), posterior probability = 0.9-0.99; and (@), poster-
ior probability = 0.80-0.89. Posterior probabilities of >0.9 are considered
significant. Posterior probabilities of less than 0.80 are not shown.

4. Discussion
4.1. Mesobuthus gibbosus mitochondrion

The M. gibbosus mitochondrial genome is ~16kb in size
and encodes the usual metazoan complement of 13 protein
genes and two ribosomal RNA genes. The order of these
genes is the same as observed in another scorpion, Centuro-
ides limpidus (Davila et al., 2005), and in the horseshoe crab,
Limulus polyphemus (Lavrov et al., 2000). It has previously
been proposed that the gene organization observed in L.
polyphemus is plesiomorphic for arthropods in general. The
tRNA genes were difficult to identify, due to reductions in
the T¥YC or DHU arms in 14 genes and reduction in the
lengths of the aminoacyl acceptor stem regions. Reduced
tRNAs (compared to the standard metazoan model) have
been observed previously in other chelicerates, such as spi-
ders (Masta and Boore, 2004; Qiu et al., 2005); millipedes
(Lavrov et al., 2002), and nematodes (Ohtsuki et al., 1998;
Watanabe et al., 1994). In Lithobius forficatus, a centipede,
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RNA editing has been described that stabilizes reduced
tRNA secondary structure (Lavrov etal, 2000), but
whether this also occurs in chelicerates is unknown at pres-
ent. The arrangement of tRNAs on the mitochondrial
genome shows four differences compared with L. polyphe-
mus (possibly the result of three rearrangements of the
genes for tRNAs I and D individually and [P,T] as a pair).

4.2. Evolutionary models

The reversals of strand-bias documented by Hassanin
(2006) clearly show how systematic error can limit the use-
fulness of multigene phylogenetic analysis. Multiple inde-
pendent reversals of strand-bias in mitochondrial genomes
and mitochondrial genes cause erroneous clustering of dis-
tantly related arthropod taxa when alignments are sub-
jected to phylogenetic analysis under a standard General
Time Reversible (GTR) model. In their work, Hassanin and
colleagues found evidence that strand-bias is mainly gener-
ated by transitions (Hassanin, 2006; Hassanin et al., 2005).
They proposed a recoding scheme, Neutral Transitions
Excluded (NTE) which removes the effect of strand-bias by
recoding bases at neutral and nearly-neutral positions as
purines and pyrimidines (R/Y coding). Here we have inves-
tigated a wider range of analyses, examining the effects of
GTR versus NTE, the effects of inclusion or exclusion of
third codon position bases, and the effects of a partitioned
versus an unpartitioned model.

A notable result is the contribution of phylogenetic sig-
nal from third codon position bases. Phylogenetic analyses
of dataset D1 in the three analyses that include only first
and second codon position bases yield similar trees with
scorpions as sister taxon to all other chelicerates (Hypothe-
sis 2). Support for scorpions as sister taxon to all other
chelicerates decreases under the NTEp analysis which
includes a more realistic partitioned model, suggesting that
this placement may be artifactual. In contrast, the three
analyses that included third codon position bases gave trees
with radically different placement of Scorpiones, and corre-
spondingly different hypotheses regarding chelicerate evo-
lution. In the GTR + 3p analysis, inclusion of third codon
position bases yields in a clade of scorpions and Argiope
bruennichi, a spider (Hypothesis 3). Hassanin (2006)
showed that A. bruennichi and Euscorpius flavicaudis both
have a reversed pattern of third position CG skew relative
to other arthropods. Analysis of the D1 dataset reveals that
A. buennichi and M. gibbosus both show a reversed CG
skew pattern in third codon position bases relative to other
species in D1 (Fig. 4) which is removed by NTE recoding,
suggesting that the (Scorpiones + 4. bruennichi) clade is an
artifact of mitochondrial strand-bias. This proposition is
supported by the results of the NTE + 3 analysis, in which
the portion of the third codon position signal due to mito-
chondrial strand-bias is excluded and scorpions again are
supported as sister taxon to the other chelicerates (Hypoth-
esis 2). A final striking result is the change in the tree when
the partitioned analysis is used (NTE + 3p). Here, Xipho-

sura is identified as sister taxon to other chelicerates and
Arachnida is monophyletic (ignoring Pycnogonida, see Sec-
tion 3), with scorpions the sister taxon to other arachnids
(Hypothesis 1).

To test the significance of support for the favored
hypothesis, we can use the harmonic mean log likelihood of
each hypothesis, calculated from the MrBayes runs, to esti-
mate Bayes Factors as described in Kass and Raftery
(1995). The Bayes Factors for [Hypothesis 1 vs. Hypothesis
2] and [Hypothesis 1 vs. Hypothesis 3] were 565.48 and
548.34, respectively, indicating very strong support for
Hypothesis 1 (Bayes Factor values of >20 are considered to
indicate strong support). In the same way, we calculated
Bayes Factor support for a partitioned over a non-parti-
tioned model for the NTE and NTE+3 analyses. The
Bayes Factors were 1383.9 and 2670.62, respectively, indi-
cating extremely strong support for the partitioned model
in both pairs of analyses.

We explain these results by suggesting that two potential
sources of bias are present in the D1 dataset. Firstly, third
codon position bases are strongly affected by mitochondrial
strand-bias, an effect minimized by using the NTE recoding
scheme. Secondly, evolutionary model parameters vary
between genes, leading to erroneous results if an underpa-
rameterized, unpartitioned model is used. The commonly
observed inversions of mitochondrial regions will lead
genes to acquire a strand bias that is the opposite of that of
the genome as a whole. It is notable that robust support for
the phylogenetic position of scorpions was only recovered
from mitochondrial DNA sequences under the appropriate
model. These findings emphasize the importance of model
choice in phylogenetic analysis, and specifically the impor-
tance, when using multiple genes, of removing any sources
of systematic bias and adequately allowing for differences
in evolutionary models between genes.

4.3. D2 dataset

Analysis of the D2 dataset using GTR+3p and
NTE + 3p analyses showed the same pattern as we observed
for the D1 dataset (Table 2): the analyses gave Hypothesis
2 and Hypothesis 1, respectively. The poor resolution of the
phylogeny recovered under the most realistic analysis,
NTE + 3p (Fig. 3) can probably be attributed to the large
proportion of missing data, coupled with a loss of phyloge-
netic signal due to the NTE recoding scheme. While NTE
removes erroneous phylogenetic signal due to strand-bias,
it will also inevitably remove genuine phylogenetic signal.

In summary, our results endorse a traditional picture of
the relationships between chelicerate orders, excluding
Pycnogonida. It is important to note that some orders, in
particular members of the proposed clade Dromopoda
(Opiliones, Scorpiones, Solifugae) are unrepresented due to
lack of sequence data. We cannot rule out the possibility
that the addition of these taxa to the tree would change the
phylogenetic conclusions. With these caveats, our findings
support an uncontroversial view of chelicerate evolution,
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Fig. 4. Graphs showing CG skew (see Section 2 for details) for three representative taxa from the D1 dataset. Each graph shows the skew at third codon
position bases for the following genes in order: ATP6, COX1, COX2, COX3,CYTB, ND1, ND2, ND3, ND4, ND4L, ND5, ND6. Graphs on the right rep-
resent sequences before NTE recoding; graphs on the left, after NTE recoding. Missing data are indicated by red X’s. E. flavicaudis showed the same pat-
tern as M. gibbosus and A. bruennichi; all other taxa showed the same pattern as I. hexagonus..
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with Xiphosura a sister taxon to other chelicerates and
Arachnida monophyletic. Within the Arachnida, Scorpi-
ones are sister taxon to the remaining arachnids which are
divided into two high-level clades: ticks plus mites (Acari)
and spiders plus whip scorpions (Araneae + Pedipalpi).
Under this scheme Scorpiones may occupy a key role in the
understanding of arachnid diversity—again, in the absence
of all its putative sister groups according to most modern
treatments of chelicerate phylogeny (e.g., Shultz, 1990;
Wheeler and Hayashi, 1998; Giribet et al., 2002). Morpho-
logical, genomic and developmental characters that are
shared between scorpions and other arachnids presumably
represent the ancestral arachnid state, allowing us to polar-
ize such characters on the chelicerate phylogeny. However,
the position of most of the controversial arachnids (e.g.,
Palpigradi, Pseudoscorpiones, Solifugae, Opiliones and
Ricinulei) remain untested.

As has been shown in many previous analyses, large
datasets comprising multiple genes can be effective at
resolving phylogenies in situations where single genes are
insufficient, provided care is taken to avoid systematic bias
(Philippe et al., 2005a; Rokas et al., 2003). For multigene
mitochondrial data, particular attention must be paid to
normal and reverse strand-bias and to parameter differ-
ences between genes. Taxa can also be robustly placed
using partial datasets. In D1, for example, A. bruennichi is
robustly placed despite having only 33% of characters pres-
ent, and in D2, E. flavicaudis is robustly placed using only
38% of characters. It is likely that, in both of these cases, the
confidence with which the taxa are placed can be attributed
to two factors; a large absolute number of characters (4857
coding nucleotides in the case of A. bruennichi) and the
presence of a closely related species with a near-complete
alignment in the dataset. In general, species not fulfilling
these criteria are unlikely to be robustly placed by phyloge-
netic analysis of partial datasets. The sole pycnogonid spe-
cies, Endeis spinosa, had ~40% of characters present in the
D1 dataset, but had no closely related species in the align-
ment and was consistently placed in a clade of mites. More
sequence data or a wider taxonomic sampling from the pyc-
nogonids would be necessary to investigate this surprising
result.

Given the large historical interest in the use of mitochon-
drial genes as phylogenetic markers, particularly in the
arthropods (Cameron et al., 2006; Cook et al., 2005; Nardi
et al,, 2003), and the tendency towards the use of large, mul-
tiple gene datasets for phylogenetic reconstruction, the
effect of model choice is a pertinent issue for those inter-
ested in molecular systematics. Strand-bias is one of several
types of compositional bias; indeed, it is likely that the com-
position of most gene sequences is influenced by multiple
biasing factors. Our findings, though directly pertaining to
only a small set of taxa, suggest that mitochondrial gene
sequences may be actively misleading. Care should be
taken, when using any multiple gene dataset, to avoid
explore the potential for systematic bias. In the case of
mitochondrial genes, strand-bias should be of particular

concern and the previous use of mitochondrial genomes in
resolving deep phylogenies requires critical reevaluation.
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