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1 Introduction

1.1 Molecular phylogenetics

Phylogenetics is the study of the evolutionary history and relationships among living or extinct
organisms (Wagele, 2001, Brown, 2002; Storch & Welsch, 2003; Reece et al., 2011). In general,
phylogenetic reconstruction is based on the comparison of homologous characters between
organisms. Tree inference then aims to find the phylogeny that best explains the distribution of
character states among taxa. Before large molecular datasets became available, phylogenetics relied on
comparative morphology. While morphological data can be highly informative for answering
phylogenetic questions, the amount of described characters is often insufficient for analysis via
mathematical methods (Brown, 2002). Additionally, the definition of what constitutes a homologous
morphological character is dependent on human interpretation and therefore subjective in nature
(Graur & Li, 2000).

The advent of nucleotide sequencing techniques has enabled researchers to employ molecular
sequence data for phylogenetic reconstruction and has challenged many traditional views on
evolutionary relationships across the tree of life. The dlassification of all living organisms into three
domains (Bacteria, Archaea, and Eukarya) was based on molecular data, which showed that Archaea,
initially described as extremophile bacteria, represent an entirely new group of organisms that are
genetically distinct from both bacteria and eukaryotes (Woese et al., 1990). Within Mammalia, a new
superorder called Afrotheria was erected comprising elephants (Proboscidea), sea cows (Sirenia),
hyraxes (Hyracoidea), aardvark (Tubulidentata), elephant shrews (Macroscelidea), and golden moles
and tenrecs (Afrosoricida). These orders share few common morphological traits and were previously
considered members of other established groups of mammals, incduding ungulates and insectivores.
Nevertheless, molecular data unequivocally revealed that Afrotheria constitute an ancient group of
mammals that evolved in Africa, presumably while the continent was isolated through plate tectonics
(Springer et al., 1997; Madsen et al., 1997; Stanhope et al., 1998). Another example of the profound
effect that molecular phylogenetics had on our view of evolutionary relationships are the protostomes.
Based on sequence data, Protostomia have been divided into Ecdysozoa, including arthropods and

nematodes, and Lophotrochozoa, incduding annelids and molluscs (Aguinaldo et al., 1997), thus



refuting the sister group relationship of Arthropoda and Annelida, which morphologists considered to
be one of the best-supported relationships among animal phyla (e.g., Westheide & Rieger, 1996; Brusca
& Brusca, 2003).

Molecular sequence data can provide enormous amounts of phylogenetic information because
each nudeotide or amino acid position can be considered as an independent character. Though
individual positions only contain limited phylogenetic signal (or none at all), the combined
information from hundreds or thousands of positions can be sufficient to reconstruct a well-resolved
phylogeny. Due to the high costs and technical challenges initially associated with nucleotide
sequencing, early molecular phylogenetic studies were usually limited to analyses of single genes
(e.g., Woese et al., 1990; Irwin et al., 1991; Ruvolo et al., 1991). However, for the analysis of deep
phylogenetic relationships, the amount of sequence data available from single genes may not be
sufficient as nudeotide substitutions accumulate in the sequences over evolutionary time and
stochastic noise may drown out the phylogenetic signal contained in data from a single gene (Saitou &
Nei, 1986; Walsh et al., 1999). This issue can be overcome by employing supermatrices that contain
concatenated data from multiple genes. It is important to note in this context that the phylogenetic
history of an individual gene (gene tree) is not necessarily congruent with the branching pattern of the
species (species tree) (Page & Holmes, 1998; Graur & Li, 2000). On an evolutionary time scale, gene
duplications are common events (Lynch & Conery, 2000). When speciation occurs after gene
duplication has produced multiple copies of a gene in the common ancestor, the resulting gene tree
diverges from the species tree. Homologous genes that are related by duplication within a genome are
called paralogs, whereas genes that evolved from a common ancestral gene by speciation are called
orthologs (Jensen, 2001). However, the distinction between orthologs and paralogs can become
complicated when different copies of a gene are subsequently lost during evolution. For this reason,
studies aiming to reconstruct the evolutionary history of species or taxa have mostly employed
datasets of single-copy orthologous genes (e.g., Baldauf et al., 2000; Dunn et al., 2008; Roeding et al.,
2009).

The development of next-generation sequencing (NGS) techniques has allowed researchers to
generate huge volumes of genetic data via massively parallel sequencing of small DNA fragments,
which can subsequently be assembled into larger contigs. Because phylogenetic reconstruction of

ancient evolutionary events requires highly conserved sequences, non-coding regions of the genome,
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which tend to be highly variable, are not well suited for this task. For this reason, transcriptome
sequencing has become the method of choice for large-scale deep-level phylogenetic analysis (e.g.,
Roeding et al., 2009; Hittinger et al., 2010; Misof et al., 2014), as transcribed messenger RNA primarily
consists of the coding sequence of a gene (as opposed to genomic DNA, which contains large amounts
of non-coding regions). The expansion of phylogenetic data matrices to hundreds or even thousands
of genes has eliminated stochastic noise as a source for erroneous phylogenies. However, increasing
the amount of sequence data cannot solve systematic errors. One of the most serious issues for
computational methods is long-branch attraction (LBA), which can occur when a tree incdudes a
combination of long and short branches so that similarity due to convergent character substitutions
(homoplasy) produces an artifactual grouping of distantly related lineages. This phenomenon was
first described by Felsenstein (1978) for tree inference using maximum parsimony. While maximum
likelihood analyses and Bayesian inference are more robust to the effect of LBA (Philippe et al., 2005a),
they are not immune and long-branching taxa can lead to erroneous results with these methods too
(Bergsten, 2005), as e.g., the high support for the now abandoned “Coelomata” concept based on poor
taxon sampling has shown (see 1.2). Thus, both gene and taxon sampling may have profound effects

on the outcome of phylogenetic analyses and have to be considered carefully.

In this thesis, I will present the results of my studies on the phylogeny of Ecdysozoa, with a special
focus on Myriapoda and Chelicerata, and on the phylogeny of Apicomplexa, with a special focus on

Haemosporida.

1.2 The phylogeny of Ecdysozoa

The superphylum Ecdysozoa was first proposed by Aguinaldo et al. (1997) based on phylogenetic
analyses of 185 ribosomal RNA sequences. It comprises the two most species-rich animal phyla,
Arthropoda and Nematoda, and six smaller phyla: Onychophora (velvet worms), Tardigrada (water
bears), Nematomorpha (horsehair worms), Priapulida (penis worms), Kinorhyncha (mud dragons)
and Loricifera. The eponymous shared character (synapomorphy) of Ecdysozoa is the periodic
molting, or ecdysis, of the three-layered cuticle, which is controlled by ecdysteroid hormones

(Westheide & Rieger, 2013). Apart from this, Ecdysozoa only have few morphological characters in
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common and are primarily characterized by the shared absence of common protostome traits, such as
spiral cleavage or locomotory cilia.

Based on comparative morphology, the phyla that have now been united in Ecdysozoa were
originally assigned to two major taxonomic groups: the segmented, limb-bearing panarthropods
(Arthropoda plus Onychophora and Tardigrada) and the worm-like cyconeuralians (Nematoda,
Nematomorpha, Priapulida, Kinorhyncha, and Loricifera). Before the advent of molecular
phylogenetics, there was a strong consensus among taxonomists (e.g., Westheide & Rieger, 1996;
Brusca & Brusca, 2003) for a sister group relationship of panarthropods and annelids (which
meanwhile have been assigned to the superphylum Lophotrochozoa; see above). Based on the
principal character uniting both taxa, a segmented body, this cade was called “Articulata”. To the
exclusion of the pseudocoelomate cycloneuralian phyla, “Articulata” were considered to be part of a
larger assemblage of animal phyla called “Coelomata”, which are linked by the possession of a
coelomicbody cavity, and which also indude molluscs and vertebrates. The “Coelomata” concept also
found support from several molecular analyses that employed large datasets derived from whole
genomes (Blair et al., 2002; Wolf et al., 2004; Ciccarelli et al., 2006; Rogozin et al., 2007). However, the
taxon sampling of these studies was limited and the basal position of the nematode Caenorhabditis
elegans in the resulting phylogeny was probably an artifact caused by LBA due to the high substitution
rate in the genome of C. elegans (Copley et al., 2004; Irimia et al., 2007). In fact, studies with improved
taxon sampling, which have induded more slowly evolving nematode species, consistently recovered
Ecdysozoa (Philippe et al, 2005b; Webster et al., 2006; Roeding et al., 2007, Dunn et al., 2008;
Meusemann et al., 2010).

While the Ecdysozoa concept has become widely accepted, the relationships within Ecdysozoa
have remained poorly understood (Fig. 1). There is ample evidence for a close relationship between
Nematoda and Nematomorpha (Nielsen, 1995; Schmidt-Rhaesa, 1996; Mallatt et al., 2004; Dunn et al.,
2008), which together form the taxon Nematoida (Schmidt-Rhaesa, 1996). The remaining
cycloneuralian taxa (Priapulida, Kinorhyncha, and Loricifera) have been united as Scalidophora on
the basis of a shared spine-covered introvert (retractable and invertible proboscis) and the presence of
two rings of retracting muscles on the introvert (Schmidt-Rhaesa, 1998). So far, only few molecular
phylogenetic studies have incduded data from scalidophoran species. These studies found

Scalidophora in a basal position within Ecdysozoa, thus rejecting monophyletic Cydoneuralia. While
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eurthropod dades (Chelicerata, Myriapoda,
Crustacea, and Hexapoda) have long been Fig. 1. Consensus phylogeny of Ecdysozoa. Contended nodes are
shown as polytomies. Modified from Telford et al. (2008).

disputed. Chelicerates were traditionally

placed at the base of the phylum as the sister group of Mandibulata, a taxon which comprises
Crustacea, Hexapoda, and Myriapoda (Westheide & Rieger, 1996). Based on morphological data,
Hexapoda and Myriapoda have been united in a taxon called “Tracheata” or “Atelocerata” (Fig. 2A).
Molecular phylogenetic studies, however, have found Crustacea and Hexapoda to be more closely
related (e.g., Friedrich & Tautz, 1995; Boore et al., 1998; Kusche & Burmester, 2001; Dunn et al., 2008),
together forming the taxon Pancrustacea (Zrzavy & étys, 1997) or Tetraconata (Dohle, 2001) and
possibly rendering Crustacea paraphyletic with regard to Hexapoda (Nardi et al., 2003; Ertas et al.,
2009). In most of these studies, Myriapoda were recovered as the sister group of Chelicerata, together
referred to as “Myriochelata” (Pisani et al., 2004; Fig. 2B) or “Paradoxopoda” (Mallatt et al., 2004).
While the Pancrustacea concept has found increasing support among morphologists (e.g.,, Duman-

Scheel & Patel, 1999; Harzsch & Hafner, 2006), evidence in favor of Myriochelata is mostly limited to

similarities in neurogenesis between myriapods and chelicerates (Dove & Stollewerk, 2003).
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Onychophora Onychophora Onychophora
— Chelicerata Chelicerata — Chelicerata
hrioche].m|
Euarthropodal Crustacea Mpyriapoda Euarthropodal Myriapoda
Euarthropoda
b Myriapoda Crustacea Mandibulatal Crustacea
Tracheata Pancrustacea Pancrustacea
Hexapoda Hexapoda Hexapoda

Fig. 2. Competing hypotheses of arthropod phylogeny. (A) Traditional “Tracheata” concept (Westheide & Rieger, 1996).
(B) Myriochelata + Pancrustacea hypothesis (Friedrich & Tautz, 1995). (C) Pancrustacea as part of Mandibulata (Regier et
al., 2010). Modified from Borner (2010).

1.2.1 Myriapoda

The subphylum Myriapoda comprises four extant classes: the predatory Chilopoda (centipedes), the
mostly detritivore Diplopoda (millipedes), and the two lesser-known, soil-dwelling classes Symphyla
and Pauropoda, which are minuscule, translucent animals often barely visible to the human eye.
Following the “Tracheata” concept, myriapods were traditionally postulated to be paraphyletic in
terms of the hexapods. However, considering the strong support for a close relationship between
Crustacea and Hexapoda, this concept has been abandoned by most researchers. While the
monophyly of the four myriapod dasses is undisputed, almost every possible topology has been
proposed for the internal relationships of Myriapoda (Edgecombe, 2011). Based on morphological
characters, such as anterior placement of the genital openings, Symphyla, Pauropoda, and Diplopoda
have been united in a cdade named “Progoneata’” (Dohle, 1980). Within “Progoneata”, Pauropoda and
Diplopoda were traditionally regarded as sister taxa (“Dignatha”; Fig. 3A). Molecular analyses, in

contrast, have favored a sister group relationship of Symphyla and Pauropoda (together “Edafopoda”;

Chilopoda — Chilopoda Diplopoda
— ——symphyla |3 —] —— Diplopoda - 3 —1 —— Chilopoda =
Diplopoda g (§ — Pauropoda :_%ﬁ (§ — Pauropoda c_nQ“
Pauropoda % % L Symphyla § §' L Symphyla §
2 & &

Fig. 3. Hypotheses of myriapod relations. (A) Traditional view based on morphology (Dohle, 1980). (B) Edafopoda as part of
Progoneata (Regier et al., 2010). (C) Edafopoda as sister group of Chilopoda (Gai et al., 2006). Modified from Miyazawa et al.

(2014).



Fig. 3B). Some of these studies support the monophyly of “Progoneata” (Regier et al., 2010; Dong et
al., 2012; Zwick et al., 2012), while others found a sister group relationship of “Edafopoda” and
Chilopoda (Gai et al., 2006; Fig. 3C).

1.2.2 Chelicerata

Chelicerates are characterized by the possession of caw-like head appendages, called chelicerae,
which are used to grasp or pierce food (Westheide & Rieger, 2013). The inclusion of Pycnogonida (sea
spiders) into Chelicerata at the base of the taxon has found strong support from molecular studies
(Roeding et al., 2007; Dunn et al., 2008; Sanders & Lee, 2010; Meusemann et al., 2010; Regier et al.,
2010) and studies on Hox genes (Jager et al., 2006) and neuroanatomy (Brenneis et al., 2008) have
found evidence for the homology of the pycnogonid chelifores and the chelicerae of euchelicerates.
The phylogenetic relationships among euchelicerate clades (all chelicerates excluding Pycnogonida;
Weygold & Paulus, 1979) are poorly understood, and there is significant conflict between molecular
and morphological data. While most morphological studies favor a sister group relationship between
Xiphosura (horseshoe crabs) and the terrestrial Arachnida (Shultz, 1990; Wheeler & Hayashi, 1998),
some palaeontological studies argue that there is fossil evidence for an independent aquatic origin of
the taxon Scorpiones (Briggs, 1987; Jeram, 1998; Dunlop & Webster, 1999). Most molecular studies
neither support a basal position of Scorpiones nor the taxon Arachnida sensu stricto, as Acari (mites
and ticks) tend to group at the base of Euchelicerata (Dunn et al., 2008; Roeding et al., 2009;
Meusemann et al., 2010). The best supported higher arachnid taxon is certainly Tetrapulmonata. This
group comprising Araneae (spiders), Amblypygi (whip spiders), Thelyphonida (whip scorpions), and
schizomids (Schizomida) has been consistently recovered in both morphological (e.g., Weygold &
Paulus, 1979; Shear et al., 1987; Shultz, 1990) and molecular studies (Shultz & Regier, 2000; Jones et al.,
2007; Pepato et al., 2010; Regier et al., 2010). However, the relationships of the remaining chelicerate
orders have remained poorly resolved in molecular analyses, and the absence of NGS data for several

key taxa has further exacerbated this problem.



1.3 The phylogeny of Apicomplexa

The protozoan phylum Apicomplexa comprises a Chromerida
diverse group of obligate intracellular parasites Gregarinasina
that may cause serious illnesses in humans and Cryptosporidium
animals. For example, Apicomplexa include the Coccidia
causative agents of malaria (genus Plasmodium),

Piroplasmida
toxoplasmosis  (Toxoplasma), and babesiosis

Haemosporida

(Babesia). Despite the great diversity in their life

Fig. 4. Phylogenetic relations of major apicomplexan
cycles (Roos, 2005), involving a wide range of  groupsbased on Templeton et al. (2010).
different  hosts (both  invertebrates and
vertebrates), apicomplexans share several unique molecular and cellular features, i.e. an apical
complex derived from elements of the flagellar apparatus (Francia et al., 2012; de Leon et al., 2013), a
non-photosynthetic secondary plastid, called apicoplast (McFadden et al.,, 1996), and a conserved
gliding motility and cell invasion machinery (Kappe et al, 1999; Baum et al., 2006). The dosest
relatives of Apicomplexa are the coral-endosymbiotic chromerid algae (Fig 4, Moore et al., 2008) and
the parasite apicoplast is likely derived from the algal chloroplast (Janouskovec et al., 2010).

At the base of Apicomplexa, the gregarines (Gregarinasina), which exdusively parasitize
invertebrates, form the sister group of Cryptosporidium (Fig. 4; Carreno et al., 1999; Zhu et al., 2000a;
Templeton et al., 2010), a genus of vertebrate parasites that cause cryptosporidiosis in humans. Both
parasite taxa appear to have lost their plastid genomes (Zhu et al., 2000b; Toso & Omoto, 2007).
Originally, the genus Cryptosporidium was assigned to Coccidia, a diverse order of parasites that have
been described from all major vertebrate groups including fish, reptiles, birds, and mammals. Various
genera of coccidians infect livestock and poultry causing large economic costs for the agricultural
industry (Williams, 1998; Trees et al., 1999). Toxoplasmosis, caused by the coccidian parasite
Toxoplasma gondii, is the most prevalent infection of any kind in humans with an estimated prevalence
of 30% to 50% of the world population. While the majority of individuals infected with T. gondii
remain asym ptomatic or only show minor symptoms (Montoya & Liesenfeld, 2004), primary infection
in pregnant women can lead to spontaneous abortion or stillbirth (Havelaar et al., 2007) and, in

immunosuppressed patients, infection can lead to life-threatening cerebral toxoplasmosis (Porter &



Sande, 1992). While coccidian parasites exdusively infect vertebrate hosts, Piroplasmida and
Haemosporida rely on arthropod vectors for transmission. Piroplasmid parasites are transmitted via
ixodid ticks, which are also the definite hosts. This order com prises two genera, Babesia and Theileria,
which have a substantial economic impact on livestock and companion animals especially in the
tropics and subtropics (Collett, 2000; Kivaria et al., 2007). Human babesiosis is an emerging disease in
North America and parts of Europe and can, in severe cases, potentially be life threatening (Homer et
al., 2000; Herwaldt et al., 2011). Parasites of the order Haemosporida are transmitted via dipteran
vectors and indude the agents of human malaria, which belong to the genus Plasmodium. With an
estimated 438,000 casualties attributable to the disease in 2015 (WHO, 2015), malaria remains one of

the greatest threats to human health.

1.3.1 Haemosporidian relationships

Several haemosporidian genome (e.g., Carlton et al.. 2002; Gardner et al.. 2002; Pain et al.. 2008;
Tachibana et al.. 2012; Bensch et al., 2016) and transcriptome (e.g., Bozdech et al., 2003; Hall et al., 2005;
Lauron et al., 2014; Videvall et al., 2015; Zhu et al., 2016a) sequencing projects have provided a wealth
of data, which have been instrumental in gaining insights into the molecular basis of host—parasite
interactions (e.g., Marti et al., 2004; Hiller et al., 2004; Hall et al., 2005) and have helped to identify
potential drug targets (Yeh & Altman, 2006). Due to their enormous medical and economical
importance, these sequencing efforts have mostly focused on a few members of the genus Plasmodium
that infect mammalian hosts. However, they represent only a small fraction of the systematic and
ecological diversity of haemosporidian parasites while other key taxa for the understanding of
haemosporidian evolution have so far been neglected. For this reason, the deep-level phylogenetic
relationships among major haemosporidian lineages have remained enigmatic. Yet, understanding the
evolution of parasite life history traits and the emergence of new diseases depends on the knowledge
of a solid phylogenetic backbone (Lefevre et al., 2007).

Before the advent of DNA sequencing techniques, the classification of haemosporidian
parasites solely relied on their morphology, their life-history characteristics, and the taxonomy of the
infected vertebrate hosts and insect vectors (e.g.,, Garnham, 1966). Based on these characters, 15 extant

haemosporidian genera have been erected. However, several of these genera only contain a single
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Leucocytozoon Plasmodium
/ Haemoproteus o ——&— Polychromophilus
“H ——— Parahaemoproteus —— Plasmodium
Plasmodium Parahaemoproteus
—@- Polychromophilus —0— Haemoproteus
Plasmodium Leucocytozoon

Blood schizogony: @ gain @loss
Hemozoin pigment: M gain Mloss

Fig. 5. Phylogenetic hypotheses on deep-level relationships among haemosporidian genera. (A) Traditional view of
haemosporidian phylogeny with Leucocytozoon at the base of Haemosporida (based on Witsenburg et al., 2012). (B)
Phylogeny based on an outgroup-free molecular clock based analysis with polyphyletic Plasmodium (Outlaw & Ricklefs,
2011). Parasites of sauropsid hosts are depicted in blue. Modified from Borner et al. (2014).

described species while the vast majority of the more than 500 described species have been assigned to
the four genera Plasmodium, Hepatocystis, Haemoproteus, and Leucocytozoon. The latter has mostly been
placed at the base of the haemosporidian tree for its lack of schizogony in the red blood cells and in its
inability to produce hemozoin pigment (a metabolite of hemoglobin digestion), whereas Plasmodium,
which exhibits both traits, has been considered to be the most derived lineage (Fig. 5A). Molecular
phylogenetic studies have so far been limited to small numbers of gene fragments because genome or
transcriptome data were only available for a small set of Plasmodium species. Most analyses relied on
just four genes as the development of new phylogenetic markers has proven to be very challenging.
While trees based on these datasets generally found good support on the level of genera and species
(e.g., Martinsen et al., 2008; Schaer et al., 2013), the gene sampling is not well suited for uncovering the
deepest phylogenetic relationships. A major factor contributing to this problem is that all potential
outgroup taxa are too distantly related to be used with these datasets because their sequences are too
divergent. For this reason, Leucocytozoon has been used as the outgroup in most analyses of
haemosporidian phylogeny. This practice has been criticized by Outlaw & Ricklefs (2011) who
employed an outgroup-free molecular cock approach to rooting, which resulted in a markedly
different phylogeny, essentially dividing Haemosporida into a saurian and a mammalian dade. In this
tree, Leucocytozoon is a derived lineage and Plasmodium is polyphyletic (Fig. 5B).

The bat-infecting genera Hepatocystis and Polychromophilus have been recovered nested within
Plasmodium in all molecular analyses. While Hepatocystis has consistently been placed within the
mammalian cdade of Plasmodium parasites (Perkins & Schall, 2002; Martinsen et al., 2008; Outlaw &
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Ricklews, 2011), the position of Polychromophilus is more ambiguous with some studies favoring a
close relationship with sauropsid Plasmodium (Megali et al., 2011; Witsenburg et al., 2012) and others
supporting an association with the mammalian parasites (Schaer et al., 2013).

While the datasets used for reconstructing the haemosporidian phylogeny have made steady
progress in terms of taxon sampling, all studies have relied on similar sets of no more than four, rather
short gene fragments mostly of mitochondrial or apicoplast origin, which are not well suited for deep-
level phylogenetic analyses. The phylogenetic signal contained in these sequences might not be
sufficient to resolve the deepest nodes of the tree. Another problem is that these genes are not well
suited for the indusion of distant outgroups because the sequences are too divergent (Martinsen et al.,
2008). The inability to incdude outgroup taxa is especially problematic because the major point of
contention regarding haemosporidian phylogeny relates to the position of the root, upon which

basically all other deep-level relationships depend.
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1.4 Publications in chronological order

In this thesis, I will present the main conclusions from the following publications:

Borner J, Burmester T (2017) Parasite infection of public databases: a data mining approach to identify

apicomplexan contaminations in animal genome and transcriptome assemblies. BMC Genomics 18: 100.

Borner J, Pick C, Thiede ], Kolawole OM, Kingsley MT, Schulze ], Cottontail VM, Wellinghausen N,
Schmidt-Chanasit J, Bruchhaus I, Burmester T (2016) Phylogeny of haemosporidian blood parasites
revealed by a multi-gene approach. Mol Phylogenet Evol 94: 221-231.

Borner J, Rehm P, Schill RO, Ebersberger I, Burmester T (2014) A transcriptome approach to
ecdysozoan phylogeny. Mol Phylogenet Evol 80: 79-87.

Rehm P, Meusemann K, Borner J, Misof B, Burmester T (2014) Phylogenetic position of Myriapoda
revealed by 454 transcriptome sequencing. Mol Phylogenet Evol 77: 25-33.

Dunlop J, Borner J, Burmester T (2014) Phylogeny of the Chelicerates: Morphological and Molecular
Evidence. In: Wagele JW, Bartholomaeus T (Eds.) Deep metazoan phylogeny: the backbone of the tree of life.
New insights from analyses of molecules, morphology, and theory of data analysis. (pp. 395-408) Berlin: De
Gruyter.

Hartig G, Peters RS, Borner ], Etzbauer C, Misof B, Niehuis O (2012) Oligonucleotide primers for

targeted amplification of single-copy nuclear genes in apocritan Hymenoptera. PLoS One 7: €39826.

Rehm P, Pick C, Borner J, Markl J, Burmester T (2012) The diversity and evolution of chelicerate
hemocyanins. BMC Evol Biol 12: 19.

Rehm P, Borner J, Meusemann K, von Reumont BM, Simon S, Hadrys H, Misof B, Burmester T (2011)
Dating the arthropod tree based on large-scale transcriptome data. Mol Phylogenet Evol 61: 880-887.

Peters RS, Meyer B, Krogmann L, Borner J, Meusemann K, Schiitte K, Niehuis O, Misof B (2011) The

taming of an impossible child: a standardized all-in approach to the phylogeny of Hymenoptera using
public database sequences. BMC Biol 9: 55.
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2 Discussion

2.1 Bioinformatic approaches in phylogenetics

2.1.1 Bioinformatic pipelines for the generation of phylogenetic datasets
(based on Peters etal., 2011)

The amount of molecular sequence data available in public databases has grown exponentially over
the last decades (Cook et al., 2016). These databases represent an invaluable resource for phylogenetic
studies. However, the annotation of sequences in uncurated databases is often highly inconsistent and,
in some cases, even erroneous (e.g., Ben-Shitrit et al., 2012; Promponas et al., 2015). To generate multi-
gene datasets suitable for phylogenomic analyses, many computational steps are required from
sequence acquisition and curation, to orthology prediction, data selection, and sequence alignment.
While a number of bioinformatic tools have been developed to perform these individual tasks, their
execution on thousands of genes must be automated and parallelized, detailed records of all analyses
need to be kept, and data files often have to be reformatted between analysis steps. In an automated
bioinformatic approach, gene and taxon selection necessarily have to be based on clearly defined
objective criteria. This is im portant because manual data selection may result in phylogenetic bias and,
as the amount of publicly available data grows, it becomes unfeasible to simply include all available
data from species belonging to the taxonomic group of interest. Several bioinformatic approaches to
automate the generation of phylogenomic datasets from publicly available sequence data have been
published (e.g., McMahon & Sanderson, 2006; Sanderson et al., 2008; Thomson & Shaffer, 2010;
Robbertse et al., 2011). However, while these pioneering efforts were influential and innovative, they
were either lacking in the degree of automation and detail of analysis or were limited to specific use
cases. Furthermore, the problems of data scarcity, poor taxonomic overlap between datasets, non-
stationary substitution processes, base compositional heterogeneity, and data quality deficits required
new solutions (Peters et al., 2011).

To address the above mentioned issues, a novel bioinformatic pipeline (Fig. 6) was developed
and employed to elucidate the phylogeny of the insect order Hymenoptera (Peters et al., 2011). This

extremely diverse taxon was chosen to demonstrate the functionality of the pipeline and its ability to
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Download from GenBank [I]

Nuclear seqs Mitochondrial seqgs + nuclear non-coding seqs
Standardize headers [a.l] Standardize headers [b.I]
Assembly of coding seqs (CAP3) [a.ll] Split sequences to single genes [b.ll]
Search for orthologs (HaMStR) [a.lll] Check strand polarity and sequence similarity in blast2seq [b.llI]
Choose longest seq per species and gene [a.lV] Choose longest seq per species and gene [b.IV]

Translate coding mt seqs from nt to aa [b.V]

Delete groups of orthologs with = 3 species [ll]

Delete species with only 1 seq and
groups with < 3 species [lll]

Alignment (MAFFT) [IV]

Refinement of alignment (MUSCLE) [V]

Backtranslate coding mt seqs from aa to nt [VI]

Mask alignment ambiguous or highly divergent regions (ALISCORE, Gblocks, gapkiller) [VII]

Select codon positions 1 and 2 in coding mt genes [VIII]

Select maximum clique of seqs with 2 100nt or 2 100aa overlap [IX]

Select second maximum clique from rest [X]

Ban compositional heterogeneity [XI]

Ban compositional heterogeneity from rest [XIl]

Delete species with only 1 seq and
groups with £ 3 species [XIII]

Prune genera to 15 species [XIV]

Select largest group of species that overlap in 2 1 group of orthologs [XV] _l

Subset 2: Add 2 species
from excluded supertaxa

Concatenate to supermatrix [XVI] Concatenate to supermatrix

Partitioned maximum likelihood analysis
with rapid bootstraps (ProtTest, RAxML) [XVII]

The tree [XVIII]

Fig. 6. Schematic overview of the phylogenomic pipeline (Peters et al., 2011). Steps that are performed by newly developed
scripts are highlighted in blue; steps that directly refer to the phylogenetic analysis are highlighted in red; external programs
are written in parentheses after the step descriotion.
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deal with the above mentioned well-known phylogenetic challenges. More than 120,000 single gene
sequences from ~4,500 hymenopteran species were downloaded and processed by the pipeline,
resulting in a final supermatrix of ~80,000 sites from more than 1,100 species. Despite large amounts of
missing data for most taxa, the inferred tree was generally consistent with previous studies, thus
validating our approach.

Specifically, I implemented the parts of the pipeline that automate the sequence download
from Genbank, the assembly into contigs, the orthology prediction by HaMStR (Ebersberger et al.,
2009), and the alignment of individual genes (Fig. 6; steps I-IV and a.I-a.IV). These scripts were later
expanded into a new software pipeline designed to automate all steps required for generating
phylogenomic datasets based on NGS transcriptome data. The ability to reuse parts of the pipeline
and adapt it to a slightly different use case highlights the strengths of a modular approach in which all
tasks are performed by individual scripts that can be modified, rearranged, or replaced. The newly
developed pipeline was successfully employed in several phylogenomic studies (Rehm et al., 2014;
Borner et al., 2014; Borner et al., 2017).

In recent years, a number of novel phylogenomic pipelines have been published (Dunn et al.,
2013; Grant & Katz, 2014; Kumar et al., 2015; Sahraeian et al., 2015), which mostly perform the same
individual tasks but differ in the software they employ. For example, while Dunn et al. (2013) used
TRIBE-MCL (Enright et al,, 2002) for the orthology assignment, Grant & Katz (2014) employed
OrthoMCL (Chen et al., 2006) for the same task, and Kumar et al. (2015) have implemented a new
solution based on single gene phylogenetic analyses. The development and iterative improvement of
new sequencing technologies continue to accelerate the growth of public databases, thereby shifting
the bottle neck in biological research from experimental data acquisition to computational data
management, processing, and knowledge extraction. For this reason, the development of new
bioinformatic pipelines is crucial for our ability to leverage the full scientific potential from the vast

amounts of sequence data.
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2.1.2 Data mining of public databases for parasite contamination
(based on Borner & Burmester, 2017)

Contamination by DNA from external sources (e.g., cloning vectors or human DNA) is a common
problem in NGS projects (Naccache et al, 2013; Laurence et al., 2014; Salter et al., 2014). If the
contaminating sequences are not identified and remain in the datasets after sequence assembly and
deposition into public databases, subsequent analyses may yield confusing results that can lead to
false conclusions (Merchant et al., 2014; Tao et al., 2015). While several bioinformatic tools have been
developed to identify and remove typical contaminants (e.g., Schmieder & Edwards, 2011; Jun et al.,
2012), they are not suited for the identification of unexpected sources, such as pathogens infecting the
sequenced organism. When working with wild animals, it is practically impossible to rule out
infection by an unknown pathogen prior to sequencing. Moreover, the identification of parasite-
derived contaminations may also enable the discovery of novel parasite lineages and shed light on
previously unknown host-parasite associations. A number of studies have found evidence of
endoparasite DNA in NGS data from humans (Strong et al., 2014) and animals (Orosz, 2015; Zhu et al.,
2016b). However, these studies focused on small numbers of genes that are specific to the parasites of
interest, while the majority of parasite-derived sequences remained unidentified. Therefore, the
development of generalized bioinformatic approaches for the identification of parasite contaminations
is of great importance.

In order to quantify the extent of contamination by apicomplexan parasites in the public
genome and transcriptome databases and to extract as many parasite-derived contigs from the
contaminated animal assemblies, I developed a software pipeline (ContamFinder) that uses a series of
sequence similarity searches to identify contigs of parasite origin (Borner & Burmester, 2017). Due to
the vast amounts of data generated by NGS projects and the enormous size of the public databases, a
simple blastx all-vs-all search to identify contaminating sequences is not feasible for large numbers of
genome and transcriptome assemblies, as the required computational resources would exceed even
the limits of high-performance computer centers because blastx-style (translated nudeotide vs.
protein) searches against large protein databases, such as Uniprot, are very com putationally intensive,
especially when using large genomic contigs as query. ContamFinder drastically reduces the
computational complexity of this problem by first filtering out contigs with significant sequence
similarity to known parasite proteins (Fig. 7A). Subsequent homology-based gene prediction further
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improves the performance of the search
strategy by discarding non-coding regions
(Fig. 7B) and allowing for protein vs. protein
searches (Fig. 7C), which are significantly
faster than using the full-length nucleotide
contigs as query (Fig. 7D). Employing high-
throughput local alignment tools (Suzuki et
al., 2014) for the sequence similarity searches,
ContamFinder achieved a more than 700-fold
reduction in computation time compared to a
simple blastx all-vs-all search. This massive
improvement in performance allowed us to
scan all publicly available genome and

transcriptome assemblies from terrestrial

animals. In total, 953 assemblies were
analysed and, in 51 assemblies, a combined
20,907 contigs of apicomplexan origin were
found. The contaminating parasite species
were identified as members of the
apicomplexan taxa Gregarinasina, Coccidia,
Piroplasmida, and Haemosporida. Most
contaminated assemblies contained only low
to moderate numbers of parasite-derived
sequences. From some assemblies, however,
ContamFinder was able to extract several
thousands of contigs, representing large
amounts of the parasite's gene repertoire. For
example, in the platypus genome assembly,
we found a high number of contigs derived
from a

piroplasmid  parasite (Theileria

cupathdb

all contigs

w reference protein

contig

lgene prediction (exonerate)

s predicted protein

predicted proteins

selected contigs ——

Fig. 7. Schematic overview of the ContamFinder pipeline
(Borner & Burmester, 2017). (A) All contigs are searched against
apicomplexan proteomes from the Eukaryotic Pathogen
Database (EuPathDB; Aurrecoechea et al., 2011); contigs without
significant hit are discarded. (B) Amino acid sequences are
predicted using the best hitting apicomplexan protein; low
complexity regions and repeats are masked. (C) Predicted
amino acid sequences are searched against EuPathDB and
UniProt; contigs with best hit outside of Apicomplexa are
discarded. (D) Unprocessed contigs are searched against
EuPathDB and UniProt; contigs with best hit outside of
Apicomplexa are discarded. Contigs and sequence regions that
were kept and used in the next step are shown in green,
sequences that were discarded in red. Parasite-derived proteins
in the search database are shown in blue, others in yellow.
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ornithorhynchi). We also found massive amounts of sequences from gregarine parasites in multiple
arthropod transcriptomes and from a coccidian parasite in the genome of the northern bobwhite
(Colinus virginianus). For most of the infecting parasite species, no molecular data had been available
previously. These results show that parasite-derived contaminations in genome and transcriptome
data are not just a problem to be eliminated but also represent a valuable, cost-efficient source of
information that can help to discover new parasites and provide information on previously unknown

host-parasite interactions.

2.1.3 Automated primer design for phylogenetic datasets
(based on Hartig etal., 2012; Borner et al., 2016)

Despite the popularity of NGS techniques for phylogenomic approaches, targeted
amplification of single-copy genes has remained a cornerstone of molecular phylogenetics (e.g.,
Schoch et al., 2011; Redmond et al., 2013; Schaer et al., 2013; Fuerst et al., 2015). While the cost per base
is much lower for NGS projects, each individual sequencing run represents a substantial investment.
Therefore, achieving a diverse taxon sampling can become cost prohibitive. Furthermore, the
untargeted nature of shotgun sequencing approaches means that the majority of generated sequences
will not be suitable for phylogenetic inference — though, once uploaded to the public databases, they
constitute a valuable resource for a broad range of biological studies. These issues are especially true
for samples from which RNA is not available (e.g., material from historical scientific collections), as
whole genome sequencing is significantly more costly com pared to transcriptome sequencing,

Regier et al. (2010) used a PCR-based approach to obtain data for 62 single-copy nuclear genes
in a study on arthropod phylogeny. However, most studies relying on PCR amplification strategies
have focused on small numbers of standard genes (mostly of mitochondrial or ribosomal origin),
which are com paratively easy to amplify across a wide range of species but may not contain sufficient
phylogenetic signal to resolve deep phylogenetic relationships (Springer et al., 2001). A major obstacle
for the adoption of PCR-based approaches targeting large numbers of genes has been the
development of oligonudleotide primers able to amplify nuclear genes from a diverse set of target
species. To alleviate this problem, I have developed a bioinformatic pipeline that automates all steps of
primer design for the amplification of nuclear coding sequences. The software searches for conserved

regions in aligned protein-coding nudeotide sequences and scores potential oligonucleotide primer
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pairs based on parameters such as degree of degeneration, GC content, number of nucleotide repeats,
melting temperature, and amplicon length. It also predicts the secondary structure of the
oligonucleotides and calculates the hybridization energies of homo- and heterodimers. Optionally,
multiple reference genomes can be searched for matches against the best scoring primer pairs. This
allows estimating the actual length and intron content of each amplicon. To demonstrate the
effectiveness of this approach, the primer design pipeline was run on 4,145 alignments of single copy
genes from nine hymenopteran genomes (Hartig et al., 2012). Despite employing strict parameters for
the quality of the oligonucleotide sequences, the software was able to infer 304 non-overlapping
primer pairs for the amplification of sequence fragments from a total of 154 genes. To assess the
viability of the primer sequences, ten pairs were randomly chosen and em pirically tested on extracted
DNA from six hymenopteran species. As expected, the success rate was significantly higher for species
that were closely related to a reference species on which the primer design was based. For the five
ingroup species, the primers were highly successful in amplifying the targeted DNA fragments (~80%
success rate), whereas, for the single outgroup species, the success rate dropped to 30%. Extrapolating
these results and considering that on average two primer pairs per gene were generated, ~150 genes of
interest should be amplifiable in DNA samples from ingroup hymenopterans.

The application of the primer design pipeline to obtain nudear sequence data from malaria
parasites and related genera (Haemosporida) proved significantly more challenging. Since fully
sequenced genomes were only available for mammalian species of the genus Plasmodium, the design
of primers capable of amplifying gene fragments from the other haemosporidian genera had to be
based on a severely restricted database. Furthermore, the pipeline had to be expanded to allow for the
design of nested primer pairs to increase the specificity of the PCR, because birds and reptiles have
nucleated red blood cells, which causes high levels of contamination by host DNA in the samples.
Despite these challenges, the primer design yielded oligonucleotides capable of amplifying sequence
fragments from 21 single copy genes across a wide range of haemosporidian lineages (Borner et al.,
2016). Furthermore, the primer design pipeline has also been successfully employed to generate
oligonudeotides for quantitative real-time PCR (Hoff et al., 2016; Fabrizius et al., 2016, Hoff et al.,

2017), thus proving the versatility of the software.
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2.2 Phylogeny of Ecdysozoa with focus on Arthropoda

2.2.1 The deep phylogeny of Ecdysozoa
(based on Borner et al., 2014)

The Ecdysozoa concept (Aguinaldo et al.,, 1997) was initially received with considerable
skepticism and controversy (see Introduction) as it contradicted traditional animal
systematics, which had grouped animal phyla according to similarities in their body plans.
The monophyly of Ecdysozoa requires that basic aspects of animal body plans, such as
segmentation or the presence of a body cavity with mesodermal epithelium (coelom), have
either evolved convergently in multiple animal clades or were, to some extent, part of the
original bilaterian body plan and had subsequently been lost several times in the course of
evolution. Yet, the Ecdysozoa concept has found overwhelming support from recent
morphological and molecular phylogenetic studies (see Introduction). It is now widely
accepted in the scientific community and has found its way into major zoological textbooks as
the standard view on protostome relationships (e.g., Burda et al., 2008; Reece et al., 2011;

Westheide & Rieger, 2013).

Due to the high costs initially associated with obtaining NGS genome or transcriptome data,
the taxon sampling of most phylogenomic studies has been strongly biased towards model species
(e.g., Drosophila melanogaster or Caenorhabditis elegans) and species of medical (i.e., endo- and
ectoparasites) or agricultural importance (i.e. pest species). The poor resolution of deep-level
ecdysozoan relationships is most likely due to the lack of data from phylogenetically im portant taxa.
While datasets based on mitochondrial sequences often had a more extensive taxon sampling,
mitochondrial genes are not well suited for the inference of deep-level phylogeny (Sota & Vogler,
2001; Springer et al., 2001). To improve the taxon sampling of phylogenomic analyses, new
transcriptome data from eight ecdysozoan species belonging to previously undersampled taxa were
generated (Borner et al.,, 2014). Chelicerate transcriptomes were obtained from five specimens
belonging to the previously neglected orders Solifugae (sun spiders), Uropygi (whip scorpions),
Amblypygi (whip spiders), Opiliones (harvestmen), and Pseudoscorpiones (false scorpions).

Additionally, three transcriptomes were sequenced from the ecdysozoan phyla Tardigrada,
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Priapulida, and Kinorhyncha. Data from 38 publicly available ecdysozoan genome and transcriptome
sequencing projects were added, as well as data from 13 outgroup species. Phylogenetic analyses of
the final dataset, which comprised 189 genes from 63 species, found strong support for the
monophyly of Ecdysozoa (Fig. 8). All analyses recovered the scalidophoran taxa Priapulida (penis
worms) and Kinorhyncha (mud dragons) in a sister group relationship at the base of Ecdysozoa. This
topology is at odds with the “Cycdoneuralia” hypothesis which postulates a common origin of
Scalidophora and Nematoida (Nematoda and Nematomorpha) united by the possession of a
cdrcumpharyngeal nerve-ring (Ahlrichs, 1995; Schmidt-Rhaesa, 2012). However, support for
“Cycloneuralia” from phylogenomic analyses is limited to a single study (Dunn et al., 2008). Other,
more recent molecular studies have also favored a basal position of the included scalidophoran taxa
(Campbell et al.,, 2011; Rota-Stabelli et al., 2013). It should be noted, however, that the third
scalidophoran phylum, the Loricifera, has not been included in any phylogenomic studies. Until data
from this group become available, the taxonomic status of Scalidophora must remain undear, as
phylogenetic analyses of 185 and 285 rRNA cast doubt on the monophyly of the taxon (Park et al,,
2006; Yamasaki et al., 2015).

Another contentious issue is the position of Tardigrada (water bears). Based on several
arthropod-like morphological characters, such as a segmented body, possession of limbs, and a ladder-
like central nervous system, tardigrades have traditionally been united with Arthropoda and
Onychophora (velvet worms) in a taxon called Panarthropoda (e.g., Westheide & Rieger, 1996; Brusca
& Brusca, 2003). Yet, most molecular analyses recovered Tardigrada more closely related to Nematoda
(Giribet, 2003; Roeding et al., 2007; Dunn et al., 2008; Lartillot & Philippe, 2008; Meusemann et al.,
2010). This topology was also supported by all analyses of the full dataset of Borner et al. (2014).
However, the results were not entirely conclusive, as tree inference based on a subset of only slowly
evolving genes favored an arthropod association of tardigrades. The nematode affinity may, in fact, be
attributed to LBA (Rota-Stabelli et al., 2011; Campbell et al., 2011). The monophyly of Panarthropoda
with the inclusion of Tardigrada is supported by multiple lines of evidence, i.e. a unique shared
microRNA (Campbell et al.,, 2011), shared structures of the nervous system (Mayer et al., 2013), and
engrailed expression patterns (Gabriel & Goldstein, 2007). Some palaeontologists have even
considered tardigrades as “stem-group arthropods” (Budd, 2001), and thus to be more closely related

to the extant euarthropods than Onychophora are. However, a sister group relationship between
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Fig. 8. Ecdysozoan phylogeny based on a Bayesian analysis of 189 genes from 63 taxa (Borner et al., 2014). Bayesian
posterior probabilities <1.00 are given at the nodes; all other splits have a posterior probability of 1.00. Species that were
sequenced specifically for this study are denoted in bold letters.

Tardigrada and Euarthropoda (together referred to as “Tactopoda”) appears unlikely, as it has not
been recovered in any phylogenomic studies, including those which supported monophyletic
Panarthropoda (Rota-Stabelli et al., 2011; Campbell et al., 2011).

Within Euarthropoda, competing hypotheses have been suggested concerning the position of
Myriapoda. While studies based on morphological evidence strongly favored a common origin of
Myriapoda, Crustacea, and Hexapoda (Mandibulata hypothesis; see Westheide & Rieger, 1996; Brusca
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& Brusca, 2003), several molecular phylogenetic studies initially found a sister group relationship
between Myriapoda and Chelicerata (“Myriochelata” hypothesis; Hwang et al.,, 2001; Pisani et al.,
2004; Mallatt et al., 2004; Dunn et al., 2008; Meusemann et al., 2010). In our analyses (Borner et al.,,
2014), Mandibulata were recovered as a valid (monophyletic) taxon (Fig. 8). This result is in line with
other recent molecular studies (Regier et al., 2010; Rota-Stabelli et al., 2011; Giribet & Edgecombe,
2012; Chipman et al., 2014; Lozano-Fernandez et al., 2016) and may be attributed to im provements in
taxon sampling and the application of phylogenetic methods that are more robust to the effects of LBA
(Rota-Stabelli et al., 2011). Considering that Mandibulata also received support from recent studies on
Hox gene expression (Janssen et al., 2014; Pace et al.,, 2016), neurogenesis (Stollewerk, 2016), and
embryology (Chipman, 2015), it appears that a consensus in favor of the Mandibulata hypothesis has
been reached in the scientific community.

Within Mandibulata, a close relationship of hexapods and crustaceans (together Pancrustacea
or Tetraconata) has consistently been recovered in studies based on molecular data (e.g., Friedrich &
Tautz, 1995; Boore et al., 1998; Kusche & Burmester, 2001; Dunn et al., 2008: Meusemann et al., 2010)
and has found increasing support from morphological studies as well (Richter, 2002; Harzsch, 2004;
Strausfeld, 2009; Strausfeld et al., 2011). Most molecular studies have placed Hexapoda nested within
paraphyletic “Crustacea” (e.g., Wilson et al., 2000; Regier et al., 2005; Ertas et al., 2009; von Reumont et
al., 2012), though the identity of the crustacean lineage that is most closely related to Hexapoda is still
controversial. Our analyses (Borner et al., 2014) recovered Branchiopoda as the sister group of
Hexapoda (Fig. 8). However, there is also strong evidence for a close relationship of Remipedia and

Hexapoda (Ertas et al., 2009; Regier et al., 2010; von Reumont et al., 2012).

2.2.2 Mpyriapod relationships

(based on Rehm et al., 2014)
The taxonomic status of Myriapoda has long been subject of intense discussion. Based on molecular
data, the traditional view of Myriapoda being paraphyletic with regard to Hexapoda has been
rejected. However, some molecular studies have also failed to recover monophyletic Myriapoda
(Negrisolo et al., 2004; von Reumont et al., 2009). While most studies in recent years have supported
the monophyly of the taxon (e.g., Regier et al., 2010; Miyazawa et al., 2014; Lozano-Fernandez et al.,

2016), the internal relationships among myriapod classes have remained poorly resolved. To improve
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our understanding of the evolutionary history of the taxon, transcriptomes from three diplopods, two
chilopods, and a symphylan were sequenced. Phylogenetic analyses provided strong support for
monophyletic Myriapoda as sister group of Pancrustacea (Rehm et al., 2014). Within Myriapoda,
surprisingly, a sister group relationship between Chilopoda and Diplopoda was recovered and
Symphyla were placed at the base of the taxon. This topology has not been proposed before (neither
based on morphology nor based on molecular data). However, it has gained some support since
publication and certain morphological characters fit such a grouping, as noted by Lozano-Fernandez
et al. (2016). Both taxa possess a series of imbricated comb lamellae on the mandibles, a character that
was proposed as a potential myriapod autapomorphy despite being absent in symphylans and
pauropods (Edgecombe & Giribet, 2002). The analyses of Borner et al. (2014) and another study based
on three nuclear genes (Miyazawa et al., 2014) independently recovered basal symphylans and a close
relationship between chilopods and diplopods. More recently, Lozano-Fernandez et al. (2016) have
significantly expanded the phylogenomic taxon sampling of Myriapoda - although data from

pauropod species were still lacking. Using different datasets and phylogenetic methods, the authors
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Fig. 9. Myriapod phylogeny based on a 22,339 amino acid alignment from 21 taxa (Rehm et al.,, 2014). Bayesian posterior
probabilities are depicted at the nodes.
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found two alternative topologies regarding the relationships among myriapod casses: Symphyla were
either united with Diplopoda as predicted by the Progoneata hypothesis, or Chilopoda and Diplopoda
formed a common clade to the exclusion of Symphyla, thus supporting the phylogeny of Rehm et al.
(2014).

Due to the lack of NGS data, the position of Pauropoda has remained poorly resolved. Using a
PCR-based approach, Regier et al. (2010), found a sister group relationship of Pauropoda and
Symphyla (together “Edafopoda”). In a combined analysis that incduded the single gene data from
Regier et al. (2010) in addition to the NGS data from Rehm et al. (2014), Pauropoda were found closely
associated with Diplopoda (Fig. 9), thus supporting the Dignatha-hypothesis favored by most
morphologists (Tiegs, 1947; Dohle, 1980). However, the deep-level relationships were poorly resolved

in this tree due to the large amounts of missing data for the species from Regier et al. (2010).

2.2.3 Chelicerate relationships
(based on Rehm et al., 2012; Dunlop et al., 2014; Borner et al., 2014)

While it appears that a consensus is beginning to emerge for most aspects of Ecdysozoan phylogeny,
there is surprisingly little agreement on the relationships among major chelicerate lineages. The
majority of recent morphological and molecular studies have supported the inclusion Pycnogonida
(sea spiders) in Chelicerata, placing them in a sister group relationship with Euchelicerata (Brenneis et
al., 2008; Dunn et al., 2008; Meusemann et al., 2010). Within Euchelicerata, however, there is a high
degree of discordance between studies based on molecular data and studies based on morphological
evidence. The lack of nuclear sequence data from most chelicerate lineages did not allow for
phylogenomic inference of chelicerate relations until recent years. While several genome and
transcriptome sequencing projects had provided data from ticks (Parasitiformes) and mites
(Acariformes), which are of medical and agricultural im portance as vectors of human disease and pest
species of plants, the other chelicerate orders had essentially been neglected. Transcriptomes from five
of these orders were sequenced to enable phylogenomic analyses of Chelicerata (Dunlop et al., 2014;
Borner et al., 2014). All analyses found strong support for monophyletic Chelicerata and a sister group
relationship of Pycnogonida and Euchelicerata (Fig. 10). Within Euchelicerata, none of the analyses
recovered monophyletic Arachnida, a taxon uniting all extant primarily terrestrial chelicerates to the

exclusion of the marine Xiphosura (horseshoe crabs). Arachnida are considered as one of the best
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supported chelicerate taxa by most morphologists. Yet, support for this taxon from molecular data is
limited to a few studies and is hardly convincing. Most analyses of Regier et al. (2010) recovered
Arachnida as the sister group of Xiphosura. However, support for this grouping was low — in fact, all
deep-level relationships among euchelicerate orders were essentially unresolved.

Shortly after release of the data from Borner et al. (2014), another transcriptome-based study on
chelicerate phylogeny was published (Sharma et al., 2014). In all analyses, the authors found a highly
supported clade com prising Scorpiones, Pedipalpi (Amblypygi and Uropygi), and Araneae, while the
positions of the remaining arachnid taxa were highly unstable and paraphyletic Acari were recovered
at the base of the euchelicerate tree. These findings are all in line with the results of Dunlop et al.
(2014) and Borner et al. (2014). This convergence of results is especially noteworthy because the

datasets employed in these studies were generated independently and are not based on the same
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sequencing data due to the short succession of publication. In contrast to the results of Dunlop et al.
(2014) and Borner et al. (2014), Sharma et al. (2014) found some support for Arachnida after reducing
the phylogenetic dataset to the 500 slowest evolving genes. While it is interesting to note that a subset
of genes supported Arachnida in maximum likelihood analyses, this result should be interpreted with
caution, as Bayesian inference on the same subset failed to recover monophyletic Arachnida and, after
further reduction to the 200 slowest-evolving genes, support for this topology disappeared also in the
maximum likelihood analyses. Fast evolutionary changes in long branching taxa, such as Acariformes
and Pseudoscorpiones, may in part explain the lack of resolution and instability of dades at the base
of Euchelicerata. Alternatively, early divergence events may have occurred in quick succession within
a relatively short time span of euchelicerate evolution.

Hemocyanins are the respiratory proteins of many arthropods and molluscs. Although
arthropod and molluscan hemocyanins share some similarities in the structure of their active sites
(both are large copper-proteins that are able to reversibly bind O:2), they are of independent
evolutionary origin (Burmester, 2001, van Holde et al., 2001). In several studies, hemocyanin
sequences have proven to be well suited for the inference of phylogenetic relationships within
Arthropoda (e.g., Burmester, 2001; Kusche & Burmester, 2001; Ertas et al., 2009). To infer the
evolutionary history of chelicerate hemocyanins, sequences from a sea spider, a scorpion, a whip
scorpion, and a whip spider were sequenced (Rehm et al., 2012). Publidy available data from web
spiders and xiphosurans were added to the dataset. While the sea spider has a simple hexameric
hemocyanin, four distinct subunit types evolved before the divergence of Xiphosura and Arachnida.
Phylogenetic analyses showed that the distinct subunits in each of the 8 x 6mer hemocyanin of
Xiphosura and the 4 x 6mer of Arachnida evolved through subsequent independent gene duplication
events. The phylogenetic relationships within the different subunit types support a basal position of
Pycnogonida, a sister group relationship of Xiphosura and Arachnida, and monophyletic Pedipalpi
(Amblypygi + Uropygi) closely related to Araneae. These results are fully congruent with the findings
of Dunlop et al. (2014) and Borner et al. (2014). Unfortunately, hemocyanin has been (independently)
lost in those chelicerate taxa that were unstable in the phylogenomic analyses of these studies, namely
Opiliones, Pseudoscorpiones, Solifugae and Acari. This loss of a respiratory protein may be explained

by the evolution of trachea or the miniscule size of some species.
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2.2.4 Dating the arthropod tree

(based on Rehm et al., 2011; Rehm et al., 2012; Rehm et al., 2014)

Understanding the timeline of evolutionary events may allow researchers to address questions of
general biological importance. To interpret the results of deep phylogenetic analyses in the correct
geological and palaeontological context, it is necessary to obtain approximate dates for the divergence
events of interest. Initially, our knowledge of evolutionary timescales relied entirely on the fossil
record. Under the right geological conditions, radiometric or stratigraphic methods can confidently
determine the age of a fossil with high accuracy (Martin et al.,, 2000). However, reliable taxonomic
assignment of fossils is often difficult and the fossil record is far for from being complete (Benton &
Donoghue, 2007). The development of molecular clock methods has allowed researchers to infer
evolutionary timescales using genetic data. The original molecular clock concept (Zuckerkandl &
Pauling, 1965) was based on the assum ption of a constant rate of genetic change among lineages, such
that it would be possible to determine the time elapsed since two taxa diverged based on the amount
of accumulated nudeotide substitutions. This assumption has proven untenable, however, as ample
evidence of rate variation among taxa has been described (see review by Lanfear et al. [2010]). These
findings have motivated the development of relaxed molecular clock models which allow for variable
rates of molecular evolution (e.g., Sanderson, 1997; Thorne et al., 1998; Drummond et al., 2006; Lepage
et al., 2006).

To illuminate the timescale of arthropod evolution, molecular clock analyses (Rehm et al.,
2011) were performed based on a superalignment of 37,476 amino acid positions, which had been
derived from Expressed Sequence Tags (ESTs) in a previous study (Meusemann et al.,, 2010). At the
time of publication, this was the largest dataset ever used in a molecular dock study — and the first
based on EST data. Previous multi-gene analyses (e.g., Aris-Brosou & Yang, 2003; Douzery et al., 2004;
Blair & Hedges, 2005; Peterson et al., 2008) were based on genome data, and, due to the small number
of sequenced animal genomes, were severely limited in taxon sampling, resulting in date estimates
based on artifactual phylogenetic relationships (i.e., polyphyletic Ecdysozoa). They produced a wide
range of discordant dates for the earliest metazoan divergence events (e.g., estimates for the
emergence of bilaterians ranged from 670 to 1,300 million years ago [mya]). In all cases, the estimated
dates were significantly older than the earliest conclusive fossil evidence for crown group bilaterians,
which dates ~550-530 mya (Benton & Donoghue, 2007). The dates obtained in the molecular clock
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analysis of the EST dataset (Rehm et al., 2011) are notably younger than the estimates of most previous
studies based on sequence data. However, the molecular dates still significantly predate the earliest
fossil evidence. For example, the divergence of Onychophora and Euarthropoda was dated ~589 mya
in the molecular dock approach (Fig. 11), whereas the earliest unambiguous euarthropod fossils are
~521 million years old (Crimes, 1987; Chen, 2009). Thus, the results of Rehm et al. (2011) are still not
compatible with a Cambrian origin of arthropods. It should be noted, however, that a significant
uncertainty is associated with molecular time estimates and the 95% confidence intervals of most
deep-level splits reach well into the Cambrian. Furthermore, fossils can only provide upper bounds
for the timing of divergence events. For a fossil to be assigned to a certain taxon with confidence, it
must already have evolved morphological features that are characteristic of the extant members of this
taxon — a process that may take significant evolutionary time. The gap between a putative Pre-

Cambrian emergence of metazoan phyla and the sudden appearance of crown group fossils from

Cryogenian Ediacran " Cambrian ' Ordivican Siluian'  Devonian = Carboniferous Permian = Triassic = Jurassic
Annelida LOPHOTROCHOZOA
*l Mollusca
§ Tardigrad CYCLONEURALIA
L Nematoda |
Onychophora
-1 Chilopoda MYRIAPODA
_*I Diplop |
L | Pycnogonida CHELICERATA

Xiphosura

:L —S—

L Acari

Cirripedia ‘CRUSTACEA'
i Malacostraca
c .

Branchi

L Entognatha HEXAPODA

Archeaognatha INSECTA

Odonata PALEOPTERA

ptera

NEOPTERA

‘Orthoptera’

| ——— SOPLE2

M ‘Blattodea’
Hymenoptera HOLOMETABOLA

— Coleoptera

Lepidoptera
| I Brachycera

Nematocera”

600 500 400 300 200 mya
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several metazoan lineages in the Cambrian may be explained by a period of cryptic evolution before
an “explosive” radiation in the Cambrian. The ancestors of extant metazoans might have had limited
geographic range and may therefore not be present in the small number of explored Pre-Cambrian
Lagerstatten (Conway Morris, 1993; Fortey et al., 1996).

Within Chelicerata, the earliest divergence event (Pycnogonida — Euchelicerata) was dated ~546
mya. While this estimate still predates the earliest chelicerate fossil from a larval sea spider by ~50
million years, it is much doser to the fossil record than previous calculations (e.g., Regier et al. [2005]
dated this event 813-632 mya). By contrast, the date for the divergence of the myriapod classes
Chilopoda and Diplopoda (~504 mya) is significantly older than the estimates of some previous
studies (e.g., ~442 mya; Pisani et al., 2004) and the evidence from the fossil record (~420 mya;
Edgecombe & Giribet, 2007). In fact, it predates the emergence of land plants in the Middle Ordovician
~490 mya (Steemans et al., 2009; Rubinstein et al., 2010). Thus the early evolution and divergence of
myriapod classes may have taken place in the ocean. However, this would require trachea to have
evolved independently in Diplopoda and Myriapoda. Considering that molecular phylogenetics have
convincingly shown that “Tracheata” are paraphyletic and myriapod and hexapod trachea have
separate evolutionary origins, this scenario cannot easily be dismissed. However, Lozano-Fernandez
et al. (2016) argued that ephemeral, terrestrial ecosystems have existed since approximately one billion
years ago (Strother et al., 2011) and could potentially have supported myriapod life on land already in
the Cambrian.

Obviously, molecular clock analyses can only produce reliable time estimates if the tree on
which they are based is correct. The sister group relationship of Myriapoda and Chelicerata in the
phylogeny of Meusemann et al. (2010) has been suggested to be an artifact caused by LBA (Rota-
Stabelli et al., 2011), which raises some concern over the effect of this topology on the time estimates of
Rehm et al. (2011). To investigate this, a molecular dock analysis was performed on a dataset with
improved myriapod taxon sampling (Rehm et al., 2014), which resulted in support for Mandibulata
instead of “Myriochelata”. The divergence time estimates from this study are fully congruent with the
previous analysis. In fact, the estimated time for the divergence of Diplopoda and Chilopoda is
slightly older (~515 mya vs. ~504 mya) in the analysis of Rehm et al. (2014), though well within the
95% confidence interval. The results of Rehm et al. (2011) were also corroborated by a molecular clock

analysis of chelicerate hemocyanin sequences (Rehm et al., 2012), which dated the age of the earliest
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divergence within Chelicerata (Pycnogonida — Euchelicerata) to be ~543 mya (vs. ~546 mya in the
study of Rehm et al. [2011]). However, it should be noted that all of these molecular dock calculations
were based on similar sets of calibration points. Rehm et al. (2011) employed seven carefully selected
calibration points that were evenly distributed throughout the phylogenetic tree, while non-calibrated
splits were used to compare calculated dates to the age of informative fossils. By contrast, a
subsequent large-scale molecular clock study on the timetree of ecdysozoan evolution (Rota-Stabeli et
al., 2013) incduded as many calibration points as possible (78 in total) to maximize the information
from the fossil record, though at the risk of overparameterization of the analysis. Despite these
differences in methodology, the time estimates are very dose to the results of Rehm et al. (2011) (Table
1). On average, the calculated divergence times of Rota-Stabeli et al. (2013) are ~2% younger. By
contrast, a more recent molecular clock study on arthropod terrestrialization (Lozano-Fernandez et al.,,
2016) found slightly older dates (~3%) compared to the results of Rehm et al. (2011) (Table 1).
However, all three studies support an Ediacaran origin of Arthropoda followed by diversification of

the extant arthropod subphyla in the Cambrian.

Table 1. Comparison of mean divergence time estimates (in mya) from three molecular clock studies.

Crown group Panarthropoda | Myriapoda Chelicerata Pancrustacea Hexapoda

) Onychophora- | Diplopoda- Pycnogonida— | Malacostraca— | Collembola-—
Divergence of: . . .

Euarthropoda | Chilopoda Euchelicerata Branchiopoda | Insecta

Rehm et al.
(2011) 562 504 546 520 488
Rota-Stabeli et al.
(2013) 543 510 526 511 483
Lozano-Fernandez
et al. (2016) 606 528 552 577 468
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2.3 Phylogeny of Apicomplexa with focus on Haemosporida

2.3.1 Parasite contaminations help illuminate the deep phylogeny of Apicomplexa
(based on Borner & Burmester, 2017)

The need for phylogenomic approaches to resolve the deepest nodes of the apicomplexan tree
has long been recognized (see review by Morrison [2008]). Over the last decade, complete nuclear
genomes have been sequenced from representatives of all known major apicomplexan lineages.
However, the taxon selection is heavily biased towards parasite taxa of medical or veterinary
importance. For instance, complete genomes from 16 mammalian malaria parasites (genus
Plasmodium) are currently available in Genbank (accessed 29.03.2017), whereas the extremely diverse
gregarine parasites of invertebrates (Gregarinasina) are represented by only a single species.

By extracting parasite-derived contigs from contaminated animal genome and transcriptome
assemblies (Borner et al., 2017), we were able to obtain nucdear sequence data from more than 50
apicomplexan parasites (see 2.1.2). From these contaminating species, 32 proved suitable for the
inclusion into a large phylogenomic dataset comprising 1,420 genes from 35 publicly available
apicomplexan and chromerid genomes. Phylogenetic inference yielded a well-resolved tree (Fig. 11)
that is in good agreement with recent molecular studies (Templeton et al., 2010; Arisue & Hashimoto,
2015). Thus, a consensus on the deep phylogeny of Apicomplexa appears to be emerging,.

At the base of Apicomplexa, we found a sister group relationship between Cryptosporidium and
the gregarines (Fig. 11). Both taxa have apparently lost the apicoplast genome and, possibly, the whole
organelle (Zhu et al., 2000b; Toso & Omoto, 2007). Originally, the genus Cryptosporidium was assigned
to Coccidia based on the parasites” life cycle within the digestive tract of vertebrates (Levine, 1988),
whereas gregarines exclusively infect invertebrate species. Nevertheless, a common origin of the
gregarines and Cryptosporidium is widely accepted by now and is supported by numerous molecular
and physiological similarities (see review by Thompson et al. [2005]). Because of their basal position
within Apicomplexa, Gregarinasina constitute a key taxon for understanding the evolutionary history
of the phylum. Yet, the gregarines have essentially been neglected in genome sequencing efforts due
to their lack of medical or veterinary importance. Large amounts of contaminating contigs from
gregarine parasites were identified in several arthropod transcriptomes and the extracted sequences

significantly increase the amount of publicly available sequence data from this taxon.
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Fig. 11. Apicomplexan phylogeny based on a maximum likelihood analysis of 1,420 genes from 35 complete apicomplexan
and chromerid genomes and 32 contaminating parasite species (denoted in bold) extracted from animal genome and

transcriptome assemblies (Borner et al., 2017).
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Among the remaining apicomplexan taxa, Piroplasmida and Haemosporida were recovered in a sister
group relationship to the exclusion of Coccidia (Fig. 11). Contigs derived from coccidian parasites
were found in assemblies from a wide range of vertebrate hosts including birds, reptiles, a whale, and
various other mammals. In the genome assemblies of the western lowland gorilla and a human
sample, genetic sequences from the most malignant agent of human malaria, Plasmodium falciparum,
were found. However, in the case of the gorilla genome, this is probably not the result of infection but
rather contamination in the laboratory or sequencing center. Piroplasmid contaminations were found
in the assemblies of both tick vectors and putative mammalian hosts. Especially noteworthy are the
contaminations in the genome assemblies of the Cape golden mole (Chrysochloris asiatica) and the
platypus (Ornithorhynchus anatinus). The sequences from C. asiatica constitute the first report of a
piroplasmid infection in the order Afrosoricida. Unfortunately, due to the low number of extracted
contigs from this species, the parasite’s exact placement within Piroplasmida remained unresolved.
The sequences extracted from the platypus allowed us to finally resolve the phylogenetic position of
Theileria ornithorhynchi with high confidence. Its placement outside the clade of the theilerids and basal
to all other piroplasms except Babesia microti is consistent with the tentative results of Paparini et al.

(2015) based on 18S rRNA.

2.3.2 The phylogeny of haemosporidian parasites based on nuclear gene data
(based on Borner et al., 2016)

Despite being the focus of numerous studies, there is still no consensus on the deep phylogeny of
Haemosporida. This can be attributed in large part to the unbalanced datasets used for phylogenetic
inference. As genome sequencing projects have focused on mammalian parasites of the genus
Plasmodium, sequence data from the other haemosporidian genera was only available for a small set of
standard genes, which are not ideal for reconstructing the earliest events in haemosporidian evolution
(see 1.3.1). This limited gene sampling is due to the challenges involved in developing nuclear markers
for this diverse group of parasites (Perkins, 2014). By employing a newly developed bioinformatic
pipeline (see 2.1.3) and by carefully optimizing primer design parameters and PCR protocols, we were
able to overcome these challenges and obtain sequence data of 21 nuclear gene fragments from nine
haemosporidian species belonging to the genera Haemoproteus, Leucocytozoon, Polychromophilus, and

Plasmodium (Borner et al., 2016). This is still the only phylogenetic study to employ multiple nuclear
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genes from these parasite lineages.

Phylogenetic analyses were performed based on nucleotide, codon, and amino acid data from
20 haemosporidian species employing different apicom plexan outgroups and various tree inference
methods. All analyses resulted in highly congruent topologies (Fig. 12). Leucocytozoon was consistently
recovered at the base of Haemosporida (Fig. 12), thus rejecting the phylogeny of Outlaw & Ricklefs
(2011), which essentially divided Haemosporida into two clades, one comprising all mammalian
Plasmodium species, and the other comprising all remaining haemosporidian parasites of birds and
reptiles. A basal position of the mammalian Plasmodium cdade was also recently rejected by
phylogenetic analyses based on the genome of Haemoproteus tartakovskyi (Bensch et al., 2016).

The question whether the avian haemoproteid parasites constitute a monophyletic group has
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Fig. 12. (A) Strict consensus cladogram from all eight phylogenetic analyses of Borner et al. (2016). Nodes that were not
recovered in all analyses are shown as polytomies. The outgroups are not displayed. Taxa sequenced in this study are
depicted in bold letters. (B) Bootstrap support values and Bayesian posterior probabilities from the individual analyses for
the splits depicted above.
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remained contentious (see Perkins [2014] for a review of the history of haemosporidian systematics).
Unfortunately, the results of Borner et al. (2016) are inconclusive on this matter. Some analyses
supported a sister group relationship of Haemoproteus and Parahaemoproteus, whereas others favored a
more basal position of the former taxon. In this context, it should be noted that the haemoproteid
parasites of squamates and chelonians, which were not included in the dataset of Borner et al. (2016),
have recently been found to be highly divergent from the avian parasites (Pineda-Catalan et al., 2013;
Maia et al., 2016) leading to the erection of the new genus Haemocystidium. There is also evidence that
Haemoproteus antigonis, a parasite species of whooping cranes, actually belongs to another
independent clade that may rank at the genus level (Bertram et al., 2017).

Surprisingly, we found Polychromophilus, a genus of bat-infecting parasites, in a sister group
relationship to all Plasmodium parasites (Fig. 12). Previous studies had recovered Polychromophilus
either closely associated with the avian Plasmodium cade (Duval et al.,, 2007; Megali et al., 2011;
Witsenburg et al., 2012) or with the mammalian clade (Schaer et al., 2013). Considering the differences
in the life cydes (Polychromophilus undergoes schizogony in endothelial cells but not in red blood cells,
while blood schizogony is the uniting character shared by all Plasmodium species), its placement
outside of the Plasmodium clade appears plausible. The recently rediscovered of ungulate malaria
parasites have shown a dear phylogenetic affinity to Polychromophilus based on mitochondrial data
(Boundenga et al.,, 2016; Martinsen et al., 2016; Templeton et al., 2016). However, there is still
considerable incongruence among the studies with regard to the deep phylogenetic relationships of
these taxa.

In the analysis of the 21 gene dataset, we recovered Plasmodium as a monophyletic taxon (Fig.
12). However, the dataset did not include sequences from the other two bat-infecting genera,
Hepatocystis and Nycteria, which have consistently been placed nested within or closely associated
with the mammalian dade of Plasmodium parasites. Within Plasmodium, a sister group relationship
between the avian and the mammalian parasites was found, thus rejecting the notion of a common
origin of the most virulent agent of human malaria, Plasmodium falciparum, and the clade of avian

Plasmodium parasites (Pick et al., 2011).
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Abstract

Background: Contaminations from various exogenous sources are a common problem in next-generation
sequencing. Another possible source of contaminating DNA are endogenous parasites. On the one hand,
undiscovered contaminations of animal sequence assemblies may lead to erroneous interpretation of data; on the
other hand, when identified, parasite-derived sequences may provide a valuable source of information.

Results: Here we show that sequences deriving from apicomplexan parasites can be found in many animal
genome and transcriptome projects, which in most cases derived from an infection of the sequenced host
specimen. The apicomplexan sequences were extracted from the sequence assemblies using a newly developed
bioinformatic pipeline (ContamFinder) and tentatively assigned to distinct taxa employing phylogenetic methods.
We analysed 920 assemblies and found 20,907 contigs of apicomplexan origin in 51 of the datasets. The
contaminating species were identified as members of the apicomplexan taxa Gregarinasina, Coccidia, Piroplasmida,
and Haemosporida. For example, in the platypus genome assembly, we found a high number of contigs derived
from a piroplasmid parasite (presumably Theileria ornithorhynchi). For most of the infecting parasite species, no
molecular data had been available previously, and some of the datasets contain sequences representing large

amounts of the parasite’s gene repertoire,

Conclusion: Our study suggests that parasite-derived contaminations represent a valuable source of information
that can help to discover and identify new parasites, and provide information on previously unknown host-parasite
interactions. We, therefore, argue that uncurated assembly data should routinely be made available in addition to

the final assemblies.

Keywords: Apicomplexa, Contamination, Database analysis, Phylogeny, Coccidia, Piroplasmida, Gregarinasina,

Haemosporida, Malaria, Parasites

Background

Contaminations by DNA from non-target organisms are
a common problem in next-generation sequencing pro-
jects [1-3]. If these contaminants are not flagged and re-
main in the datasets after sequence assembly and
deposition into public databases, subsequent analyses of
the datasets may yield confusing results and may lead to
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false conclusions [4, 5]. Various computational methods
have been developed that are highly efficient at identify-
ing and removing common contaminants, such as DNA
from cloning vectors or human DNA, before sequence
assembly [6, 7]. By contrast, contaminations by DNA
from other sources, e.g. via aerosol contamination in the
laboratory or at the sequencing center, are notoriously
difficult to identify.

Another potential source of contamination are patho-
gens present in the source material [8—10]. In genome
projects of wild animals, it is virtually impossible to rule
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out infection by an unknown pathogen before sequen-
cing. The development of bioinformatic approaches to
identify contamination by pathogens is therefore of great
importance. Most existing tools aim to assign individual
reads to taxonomic groups without prior assembly. As
the amount of read data in next-generation sequencing
(NGS) projects is enormous and the reads are short and
of low quality, the programs either rely on near exact
matches at the nucleotide level [11], or employ smaller
databases containing only selected marker genes [12] or
genes that are specific to certain clades [13]. The former
approach is not suited for the identification of contami-
nations by parasites for which only distantly related spe-
cies are available in the public databases, whereas the
latter approach is especially useful for quantitative esti-
mates of genome abundance but can only find a small
number of predefined genes. The program PathSeq [14],
which was developed to identify microorganisms by deep
sequencing of human tissue, uses a different approach by
first subtracting all reads derived from the human host.
However, this is obviously only feasible when high-quality
genome data is already available for the host species.

While previous approaches have mostly focused on
the removal of contaminating sequences, the identifica-
tion of parasite-derived contaminations may also enable
the discovery of novel parasite taxa and shed light on
previously unknown host-parasite associations. For ex-
ample, a recent study by Orosz [10] has highlighted that
contaminations by parasite DNA may also represent a
source of information. By searching published whole
genome shotgun assemblies from various animal taxa for
a protein (apicortin) that is characteristic for apicom-
plexan parasites but absent in animals (Eumetazoa), the
author identified sequences from apicomplexan parasites
in two animal genome assemblies from the northern bob-
white (Colinus virginianus) and the bat Myotis davidii.
Data mining of genome assemblies from infected hosts
may produce large amounts of genomic data from patho-
gens that are not yet represented in the public databases.

Members of the protozoan phylum Apicomplexa are
obligate parasites that may cause serious illnesses in
humans and animals. For example, five distinct species
of the genus Plasmodium are the causative agents of
human malaria and, as such, pose one of the greatest
threats to public health [15]. While the gregarines
(Gregarinasina) only infect invertebrates, members of
the apicomplexan taxa Coccidia and Piroplasmida are
responsible for numerous infectious diseases in wild and
domesticated animals, such as coccidiosis and babesiosis,
resulting in considerable animal health problems and eco-
nomic losses [16].

Here we present a bioinformatic pipeline (ContamFinder)
to identify parasite contamination in NGS assembly
data and extract genetic sequences derived from the
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contaminating parasite. Phylogenetic methods were
employed to assign the sequences to apicomplexan
taxa. In total, we found contaminating sequences of
apicomplexan origin in 51 genome and transcriptome
assemblies. The amount of parasite-derived coding se-
quences varies greatly among the contaminated as-
semblies from just a few contigs to a significant
amount of the parasite’s gene repertoire.

Methods

Data selection

We downloaded all available metazoan genome and
transcriptome assemblies from the Whole Genome
Shotgun (WGS) [17] and Transcriptome Shotgun As-
sembly (TSA) [18] databases. As no gene predictions
were available for the genome sequences from Ascogre-
garina taiwanensis (WGS prefix ABJQO1), the contigs
were processed alongside the metazoan assemblies using
the pipeline described below in order to obtain predicted
protein sequences for this taxon.

Extraction of parasite-derived sequences

In the first step (Fig. 1a) of the ContamFinder pipeline,
all contigs from each assembly were subjected to a
search against all apicomplexan proteomes from the
Eukaryotic Pathogen Database (EuPathDB) [19, 20]. All
searches were performed employing GHOSTX [21]
based on its high performance (Table 1) in a test run on
the transcriptome assembly of the domestic goat, Capra
hircus (TSA prefix GAOJ01), and the genome assembly
of the white-tailed deer, Odocoileus virginianus (WGS
prefix AEGYO01), but ContamFinder also supports output
from BLAST+ [22] and RAPSearch2 [23]. Sequences
that showed significant sequence similarity (E-value cut-
off: 1e-10; see below) to a parasite protein were analyzed
further; the rest was discarded. By searching against a
relatively small database (compared to UniProt) first,
and by the subsequent removal of all contigs without se-
quence similarity, we massively reduced the amount of
sequences that needed to be searched against the
UniProt database. However, as highly conserved genes
from a metazoan organism may have significant se-
quence similarity to parasite genes, this initial selection
contained large amounts of false positives. Preliminary
analyses showed that blastx-style searches of the
remaining contigs against the UniProt database would
still be too slow for large numbers of genome assem-
blies, which may contain very long contigs.

To further improve the performance, the amino acid se-
quence encoded in each of the potentially parasite-derived
contigs was predicted in the second step (Fig. 1b). Gene
prediction was performed by the program Exonerate [24]
using the best hitting protein from EuPathDB as guide
(with “full refinement” of the alignments, employing the
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Fig. 1 Schematic overview of the ContamFinder pipeline. a All contigs
from an assembly were searched against apicomplexan proteomes
from the Eukaryotic Pathogen Database (EuPathDB [19, 20]). Sequences
without significant hit were discarded. b Amino acid sequences were
predicted using the best hitting apicomplexan protein. Low
complexity regions and repeats in the sequence were masked. ¢ The
predicted amino acid sequences were searched against the EuPathDB
and UniProt database. Sequences with the best hit outside of
Apicomplexa were discarded. d Unprocessed contigs corresponding to
the hits from the previous step were searched against the EuPathDB
and UniProt databases. Sequences that had their best hit outside of
Apicomplexa were discarded. Contigs and sequence regions that were
kept and used in the next step are shown in green; sequences that
were discarded are denoted in red. Parasite-derived proteins in the
search database are shown in blue, others in yellow
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protein2dna model for transcriptome data and the pro-
tein2genome model for genome data). Subsequently, re-
gions of low complexity or repeats in the amino acid
sequence were masked by the SEG filter from the BLAST
+ package.

In the third step (Fig. 1c), the predicted amino acid se-
quences were searched against all complete proteomes
from the UniProt database. Sequences that had their
best hit against a protein from an apicomplexan species
were extracted for further analysis; the rest was dis-
carded. In preliminary analyses, we found several false
positive hits caused by falsely annotated proteins in the
UniProt database that were in fact derived from the par-
asite’s host. Therefore, we removed all protein sequences
annotated as apicomplexan and replaced them with the
genome-based proteome predictions available in the
well-curated EuPathDB. Vice versa, undetected parasite
contamination in a genome or transcriptome assembly
may have led to parasite proteins being falsely assigned
to the host species in the Uniprot database. This would
cause similarity searches to produce false-negative re-
sults when analyzing the affected assembly. To avoid dis-
carding such contaminants, hits against sequences from
the source species were ignored.

Because the predicted amino acid sequences were ob-
tained by using the best hitting parasite protein as a
guide sequence, they may be biased towards showing a
high similarity to this protein. Therefore, in the final step
of the pipeline (Fig. 1d), we searched the unprocessed nu-
cleotide contigs corresponding to the hits from the previ-
ous step against the same database (UniProt + EuPathDB).
Again, sequences that had their best hits against proteins
of non-apicomplexan origin were discarded.

For a few sequencing projects, the WGS and TSA da-
tabases contained multiple assemblies that were based
on the same raw sequencing data. In these cases, we
only kept the results from the assembly with the highest
number of hits. All analyses were run on the high-
performance computing cluster of the Regionales
Rechenzentrum (RRZ), University of Hamburg, employ-
ing dual CPU compute nodes, each equipped with two
Intel Xeon E5-2630v3 CPUs.

Orthology prediction and multiple sequence alignment

Predicted proteome data derived from all available api-
complexan and chromerid genomes (maximum one per
species) were obtained from EuPathDB and assigned to
ortholog groups based on their OrthoMCL [25] annota-
tion available in EuPathDB. Ortholog groups were re-
quired to contain sequences from at least three of the six
major taxonomic groups (Chromerida, Gregarinasina,
Cryptosporidium, Coccidia, Piroplasmida, Haemosporida).
To obtain a dataset of unambiguous one-to-one orthologs,
groups that contained more than one sequence from the
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Table 1 Performance of the ContamFinder pipeline employing three different sequence similarity search tools compared to an all-

vs-all blastx search

Assembly type Assembly size all-vs-all blastx ContamFinder ContamFinder ContamFinder
search (BLAST+) (BLAST+) (RAPsearch2) (GHOSTX)
Capra hircus (GAOJO1) transcriptome 25.1 Mb 82 h 14 min 15 h 57 min 40 min 25 min
439 hits 418 hits 396 hits 405 hits
Odocoileus virginianus genome 14.3 Mb 36 h 9 min 1h 12 min 8 min 3 min
(AEGYOT) 127 hits 122 hits 104 hits 98 hits

same proteome were discarded. All predicted parasite pro-
teins from the metazoan sequence assemblies were
assigned to these orthologous groups by OrthoMCL.
Genes with a taxon coverage of less than 30% were re-
moved to reduce the amount of missing data in the final
dataset, resulting in 1,420 genes from 67 taxa (dataset 1).
As this dataset was too large for Bayesian tree inference, a
reduced dataset was generated (minimum taxon coverage
of 70% for each gene, minimum of 10 genes per taxon).
This dataset comprises 301 genes from 49 taxa (dataset 2).
Each group of orthologous proteins was aligned individu-
ally using MAFFT L-INS-i v7.013 [26]. Poorly aligned
sections of the amino acid alignments were eliminated
by Gblocks v0.91b [27] (settings: -bl =[50% of the
number of sequences + 1] -b2=[85% of the number
of sequences] -b3=8 -b4=10 -b5=h). The final
concatenated super alignment comprised 216,613
amino acid (aa) positions (57.0% missing data/gaps)
for dataset 1 and 66,467 aa (31.3% missing data/gaps)
for dataset 2.

Phylogenetic analyses

A maximum likelihood (ML) tree was calculated by
RAxML 8.2.8 [28] based on dataset 1 using the LG
amino acid substitution matrix [29] with empirical
amino acid frequencies and assuming a gamma distribu-
tion of rates across sites. Bayesian tree inference was
performed by PhyloBayes MPI 1.7b [30] based on data-
set 2. Eight independent chains were run under the CAT
model of sequence evolution [31] with four discrete
gamma categories. Every 10™ cycle was sampled, and the
chains were stopped after 10,000 cycles. After 2500 cy-
cles, all model parameters had entered the stationary
phase. A majority rule consensus tree was calculated dis-
carding the first 25% of samples as burn-in from all eight
runs. The comparison of bipartitions showed minimal
discrepancy among chains (maxdiff value = 0.11) indicat-
ing that all eight runs had converged in tree space. Add-
itionally, the bootstrap support values from a ML
analysis of dataset 2 (using the same parameters as de-
scribed above) were mapped onto the Bayesian consen-
sus tree. The resulting trees based on analyses of both
datasets were rooted with the chromerid taxa Chromera
velia and Vitrella brassicaformis.

Results and discussion
A data mining approach to identify parasite contamination
The goal of this study was (i.) to quantify the extent of con-
tamination by apicomplexan parasites in animal genome
and transcriptome assemblies and (ii.) to extract as much
useful sequence information of parasite origin from these
assemblies. A naive, brute force approach to the identifica-
tion of contaminating sequences might employ a simple
blastx query, i.e. searching all contigs of a genome project
against a database containing the entire record of publicly
available proteomes across all taxa. In a second step, con-
tigs that show the highest similarity to sequences from
parasite species could then be extracted as putative con-
taminants. While such an approach might be feasible for a
small number of contigs, it is highly inefficient. The com-
putational resources required to apply this procedure to all
available animal genomes exceed even the limits of high-
performance computer centers because blastx-style (trans-
lated nucleotide vs. protein) searches against large protein
databases such as Uniprot are very computationally inten-
sive, especially when using large genomic contigs as query.
In our approach, we drastically reduced the computa-
tional complexity of this problem by first filtering the
genome data to extract only those contigs that show
significant sequence similarity to proteins from apicom-
plexan parasites (Fig. la). By incorporating homology-
based gene prediction into the process of contamination
identification in the next step (Fig. 1b), we were able to
further improve the performance of the search strategy.
This allowed us to perform protein vs. protein searches
against the UniProt database first (Fig. 1c), which is sig-
nificantly faster than using the full-length nucleotide
contigs as query. Additionally, this step provides high-
quality amino acid data for all identified contaminating
sequences, which can subsequently be used, e.g., for
phylogenetic analyses. After removal of all contigs with a
best hit outside of Apicomplexa, the final nucleotide vs.
protein searches were performed on a minimal subset of
suspect contigs to assess whether they were indeed of
apicomplexan origin (Fig. 1d).

Comparison of sequence similarity search tools
To assess whether the performance gains achieved by the
ContamFinder pipeline would be sufficient for large-scale
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analysis of all available genome and transcriptome assem-
bly data, we compared the performance of ContamFinder
(employing BLAST+ as search engine) to a naive all all-vs-
all blastx search against the UniProt database. Analyses
were performed on the transcriptome assembly of the do-
mestic goat, Capra hircus (TSA prefix GAOJ01), which
contains sequences of coccidian origin, and the compara-
tively small (14.3 Mb) genome assembly of the white-tailed
deer, Odocoileus virginianus (WGS prefix AEGYO01), in-
fected with a piroplasmid parasite. In both analyses, Con-
tamFinder was able to recover >95% of the hits identified
in the all-vs-all blastx search (Table 1) while increasing the
speed of the analysis 5-fold for the transcriptome assembly
and 30-fold for the genome assembly. The difference in
performance gain can be explained by the large amount of
non-coding sequence regions in genome data which slow
down the blastx search and which are discarded by Con-
tamFinder during the gene prediction step (Fig. 1b). Con-
sidering that the total amount of sequence data available
from genome assemblies far exceeds that from transcrip-
tome assemblies, these performance metrics are highly fa-
vorable for the large scale application of ContamFinder on
all available assembly data. However, as most genome as-
semblies contain much larger amounts of sequence data
(in the order of Gb) than the small dataset that was used as
a benchmark, we decided to investigate whether the use of
alternative amino acid similarity search algorithms could
further improve the speed of the analyses. We compared
the performance of three local alignment tools (BLAST+
[22], RAPSearch2 [23], GHOSTX [21]). While BLAST+
identified slightly more parasite-derived contigs in both as-
semblies, GHOSTX and RAPSearch2 were able to speed
up the search significantly with an acceptable impact on
sensitivity (Table 1). As the amount of computational time
required for BLAST +-based analyses of large genome as-
semblies becomes prohibitively large, we decided to per-
form all further analyses using GHOSTX, which reduced
the run time of ContamFinder 24-fold compared to the
BLAST+-based ContamFinder analysis and more than
700-fold compared to a simple blastx all-vs-all search
(Table 1). Because in the last step of the pipeline Contam-
Finder basically performs a blastx all-vs-all search with a
drastically reduced query pool (Fig. 1d), all hits from the
BLAST+-based ContamFinder analysis were also found in
the simple blastx all-vs-all search. When using GHOSTX
or RAPSearch2 as the search tool, small numbers (three in
each case) of additional hits were found (Fig. 2). Closer in-
spection of these hits showed that all of them constitute
valid parasite-derived contaminations.

Assemblies from aquatic metazoans contain high
amounts of protozoan contaminants

For the analysis of apicomplexan parasite contamina-
tions in public databases, we downloaded all available
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metazoan genome and transcriptome assemblies from
the Whole Genome Shotgun (WGS; 658 assemblies) and
Transcriptome Shotgun Assembly (TSA; 703 assemblies)
databases. Preliminary analyses showed multiple putative
apicomplexan species present in most genomes from
aquatic species (with aquatic mammals being a notable ex-
ception). This may be caused either by infections with mul-
tiple parasite species or by contamination of the samples
with free-living alveolates closely related to Apicomplexa
(e.g. Chromerida). Because the goal of this study was to
evaluate and reliably classify the contaminating parasites
using multi-gene phylogenetic analyses, which require that
each sample only contain a single species, we decided to
discard all assemblies from non-mammalian aquatic spe-
cies and to focus on terrestrial animals. Further analysis of
parasite contamination in genomes and transcriptomes
from aquatic animals might yield valuable insight into
host-parasite associations in aquatic ecosystems.

Genome and transcriptome assemblies of terrestrial animals

may contain large amounts of parasite-derived contigs

After removal of 349 assemblies from aquatic species
and 59 assemblies from metazoan endoparasites, we per-
formed analyses on the remaining 953 assemblies from
terrestrial animals and aquatic mammals (583 Gb). We
found contigs of putatively apicomplexan origin in 85
genome and transcriptome projects. The number of
identified parasite-derived contigs varied greatly among
the contaminated assemblies (Table 2). While most as-
semblies contained only low to moderate numbers of
parasite-derived sequences, we found massive amounts
of apicomplexan sequences in the genome assemblies of
the northern bobwhite, Colinus virginianus (WGS prefix
AWGUO1; 4,081 contigs), and the duck-billed platypus,
Ornithorhynchus anatinus (WGS prefix AAPNO1; 1,397
contigs). We also found a large number of parasite-
derived contigs in the transcriptome assemblies of the
oriental tobacco budworm, Helicoverpa assulta (TSA
prefix GBTAO1; 8,347 contigs), the cotton bollworm,
Helicoverpa armigera (TSA prefix GBDMO1; 1,137 con-
tigs) and the stalk-eyed fly, Teleopsis dalmanni (TSA
prefix GBBPO01; 919 contigs). These numbers show that
our approach is valid for both genome and transcrip-
tome data. As we were mostly interested in conserved
genes for use in phylogenetic analyses, we performed all
sequence similarity searches with a strict E-value cut-off
of le-10. Lowering the E-value cut-off would certainly
increase the amount of identified parasite sequences —
though at the cost of an increased risk of false positives.

False-positive hits may be caused by low sequence
complexity or high conservation

In 35 assemblies, only a single hit was found. Closer in-
spection revealed that 28 of the single hits were false
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positives, which were either due to highly conserved
proteins (20 hits), such as ubiquitin or tubulin, or caused
by repetitive sequence patterns (8 hits) that had not been
removed by the low complexity filtering step. The exclu-
sion of these conserved proteins from the reference pro-
teomes and the application of advanced filtering
methods [32, 33] might alleviate this problem in the fu-
ture. Among the 50 assemblies with more than one hit,
another five were found to be based on small numbers
of false positives (2—5 hits). However, the total number
of hits identified as false-positive (43 contigs) pales in
comparison to the total number of hits from assemblies
that are indeed contaminated by parasite sequences
(20,907 contigs). Of course, we cannot rule out that the
extracted data from these assemblies also contain small
numbers of erroneously identified contigs. Large frac-
tions of the extracted contigs (between 20% and 80%,
depending on fragmentation of the assembly) also had
significant hits against proteins from non-Apicomplexan
species. This is to be expected as the majority of api-
complexan genes have detectable homologs in other eu-
karyotes, especially in the closely related chromerids
[34]. We inspected at least 20 (or as many as available)
of these contigs for each assembly using single-gene
phylogenetic analyses and sequence similarity searches
and found no evidence of false-positive hits.

Unambiguous parasite contaminations were found in 51
assemblies

In total, 51 assemblies contained unambiguous contam-
ination by apicomplexan parasites. However, six assem-
blies were based, at least in part, on the same raw
sequencing data or source specimen as other assemblies
in our dataset and were therefore removed. Of the
remaining 45 assemblies, 11 did not contain sequences
that could be assigned to any of the ortholog groups for
the multi-gene phylogenetic analysis. In the transcrip-
tome assemblies of Dendroctonus frontalis (TSA prefix
GAFIO1) and Ixodes ricinus (TSA prefix GADIO1), we
found multiple overlapping, yet clearly distinct, se-
quences of the same single-copy genes. As this indicates

the presence of multiple parasite species in the se-
quenced sample, we also removed these assemblies from
the phylogenetic analyses. In the following, we will focus
on the 32 assemblies for which orthologous sequences
were identified that putatively derived from a single para-
site species. We also found overlapping sequences in some
of the remaining assemblies. However, in these cases, the
sequences were 100% identical in the overlapping regions
but differed in length. We assume that poor sequence
coverage of the parasite genes may have resulted in frag-
mented assemblies, though we cannot rule out haplotype
variation or the presence of multiple, very closely related
parasite species; neither of which should have an effect on
the results of our phylogenetic analyses.

The efficiency of curation of publicly available assemblies
The extracted sequence data may prove useful for re-
searchers working on various aspects of parasite biology.
The number of parasite-derived contigs in an assembly
may depend on several factors, such as source tissue,
parasitaemia, sequencing depth or pre- and post-
assembly filtering methods to remove low-quality con-
tigs or sequences of unknown origin. In this context, it
should be noted that earlier versions of the genome as-
semblies from the western lowland gorilla, Gorilla
gorilla gorilla (WGS prefix CABDO02), and the platypus,
Ornithorhynchus anatinus (WGS prefix AAPNO1),
which were employed in this study, contained large
numbers of sequences that originated from apicom-
plexan parasites. Meanwhile, however, the majority of
these contaminating sequences have been removed from
the current assembly versions that are available in the
public databases (WGS prefix CABDO3 for the gorilla;
contaminating contigs flagged as ‘dead’ in the AAPNO1
record for the platypus).

Our analyses showed that the measures that were
taken to remove off-target contigs were reasonably effect-
ive (98.0% of contaminants removed from the gorilla as-
sembly and 91.5% from the platypus assembly). It is, of
course, desirable that the final genome and transcriptome
assemblies contain only high-quality contigs originating
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Table 2 Numbers of parasite-derived contigs in publicly available genome and transcriptome assemblies

Host species WGS/TSA ID Assembly type  # parasite-derived contigs ~ # sequences in dataset 1 # sequences in dataset 2
Helicoverpa assulta GBTAO1 transcriptome 8347 370 208
Colinus virginianus AWGUO1 genome 4013 793 244
Colinus virginianus® AWGTO1 genome 3098 - -
Ornithorhynchus anatinus®  AAPNO1 genome 1397 (119) 540 178
Helicoverpa armigera GBDMO1 transcriptome 1137 160 102
Teleopsis dalmanni GBBPO1 transcriptome 919 339 171
Capra hircus GAOJO1 transcriptome 405 107 63
Annulipalpia sp. GATXO01 transcriptome 226 81 57
Gorilla gorilla gorilla® CABDO2 (CABDO3)  genome 148 (3) 33 15
Camelus dromedarius GADZ01 transcriptome 148 35 25
Anolis carolinensis GBBSO1 transcriptome 120 54 33
Anolis carolinensis® GAFNO1 transcriptome 119 - -
Dendroctonus frontalis® GAFIO1 transcriptome 114 - -
Dastarcus helophoroides GBCX01 transcriptome 104 29 21
Odocoileus virginianus AEGYO1 genome 98 34 11
Odocoileus virginianus® AEGZ01 genome 98 - -
Motis davidii ALWTO1 genome 66 9 -
Anolis carolinensis® GAFDO1 transcriptome 62 - -
Orchesella cincta GAMMO1 transcriptome 61 30 27
Ixodes ricinus® GADIO1 transcriptome 56 - -
Corydalinae sp. GADHO1 transcriptome 41 18 -
Pseudomasaris vespoides GAXQO1 transcriptome 39 18 17
Camelus dromedarius® GADZ01 transcriptome 24 - -
Ixodes scapularis ABJBO1 genome 26 7 -
Homo sapiens AADCO1 genome 24 6 -
Polyxenus lagurus GBKFO1 transcriptome 21 12 -
Dendroctonus ponderosae  GAFWO1 transcriptome 15 6 -
Amblyomma americanum ~ GAGDO1 transcriptome 10 4 -
Carduelis chloris GBCGO1 transcriptome 8 - -
Capra hircus GAOEO1 transcriptome 8 - -
Ixodes ricinus GANPO1 transcriptome 7 5 -
Camelus bactrianus GAEYO01 transcriptome 7 2

Dendroctonus ponderosae®  GAFX01 transcriptome 6 - -
Chrysochloris asiatica AMDVO1 genome 5 2 -
Cuculus canorus JNOXO01 genome 5 2 -
Bos mutus AGSKO1 transcriptome 5 1 -
Nevrorthus apatelios GACUO1 transcriptome 4 3 -
Fulmarus glacialis JJRNO1 genome 4 2 -
Forficula auricula GAAXO1 transcriptome 4 3 -
Serinus canaria CAVTO1 genome 3 2 -
Capra hircus GAFCO1 transcriptome 3 2 -
Balaenoptera bonaerensis BAUQO1 genome 2 1 -
Blattela germanica GBIDO1 transcriptome 2 -
Folsomia candida GAMNO1 transcriptome 2 - -
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Table 2 Numbers of parasite-derived contigs in publicly available genome and transcriptome assemblies (Continued)

Carabus granulatus GACWO1 transcriptome 1
Capra hircus GAOGO1 transcriptome 1
Nemurella pictetii GAAVO1 transcriptome 1
Anolis carolinensis GADNO1 transcriptome 1
Phaedon cochleariae GAPUO1 transcriptome 1
Gluvia dorsalis GDAPO1 transcriptome 1
Rhipicephalus microplus ADMZ02 genome 1

#Assembly was not used in phylogenetic analyses because it is based on the same raw data as another assembly
PAssembly was not used in phylogenetic analyses because it contains sequences from multiple parasite species
“Data based on a superseded assembly version; the number of parasite-derived contigs in the current version is given in parentheses

exclusively from the target species. However, we argue
that the uncurated assemblies should also be made avail-
able to the research community because they constitute a
valuable resource for data mining approaches and may
allow us to gain insights into the pathogens infecting the
target species.

Phylogenetic classification of the contaminating parasites
To understand the phylogenetic origin of the contamin-
ating parasites, the extracted amino acid sequences were
assigned to ortholog groups and used in a multi-gene
phylogenetic analysis. The final dataset comprised 1,420
genes from 32 parasite contaminations and 35 previously
sequenced apicomplexan and chromerid genomes
(dataset 1). The phylogenetic analysis identified the
contaminating parasites in the metazoan genome and
transcriptome assemblies as members of the apicom-
plexan taxa Gregarinasina, Coccidia, Piroplasmida and
Haemosporida (Fig. 3).

Contaminations by gregarine parasites were found in
12 assemblies, all of which were derived from arthropod
transcriptomes. This observation is in line with gregarine
life history, as these parasites are only found in inverte-
brate hosts [35]. Due to the lack of medical or veterinary
importance of Gregarinasina, this taxon has essentially
been neglected in genome sequencing efforts. Only a
single gregarine draft genome is available from Gregar-
ina niphandroides and a highly fragmented assembly
from Ascogregarina taiwanensis that was estimated to
contain 25% of the parasite’s genome. Yet, Gregarinasina
constitute a key taxon for understanding the evolution-
ary history of Apicomplexa because of their basal pos-
ition within the phylum. The extracted contaminating
contigs significantly increase the amount of available se-
quence data from gregarine parasites and may prove to
be a valuable resource for researchers studying the mo-
lecular evolution of these parasites.

In 11 assemblies from vertebrates, we identified con-
taminations by coccidian parasites, including the previ-
ously described contaminations in the genomes of
Myotis davidii and Colinus virginianus [9]. In that study,

the contaminations were identified by searching for a
gene (apicortin) that is specific for apicomplexan para-
sites but absent from metazoan genomes. This method
requires only few computational resources and is un-
likely to produce false positives, as any significant hit is a
clear indication of contamination. A similar methodology
has recently been employed to identify sequences originat-
ing from insect pests in plant transcriptomes [10]. How-
ever, such an approach is bound to miss a large number of
contaminations as it relies on a small, specific set of genes
to be present in the (incomplete) assembly. Additionally,
conserved genes which are suitable for deep-level phylo-
genetic analyses are rarely specific to a certain clade and
often have homologs in extremely distantly related taxa.
By targeting the whole parasite proteome, we are able to
overcome these limitations for the identification and ex-
traction of contaminating sequences.

In the assemblies of a human genome (WGS prefix
AADCO01) and the genome of the western lowland
gorilla (WGS prefix CABD02), we found sequences that
are >99.9% identical at the nucleotide level to sequences
from the most virulent agent of human malaria, Plasmo-
dium falciparum. The complete mitochondrial genome
of the parasite is present in the superseded version of
the gorilla genome assembly (EMBL/Genbank acc. nos.
CABDO02435943 and CABDO02435942). The sequences
are clearly more closely related to those from P. falcip-
arum than to those from any known ape-infecting para-
site (Additional file 1: Figure S1), including the P.
falciparum-like parasites that have been reported from
western lowland gorillas [36]. Additionally, exposure to
parasites from wild gorillas seems implausible considering
that the animal was born and raised in a North American
700 [37]. We, therefore, conclude that contamination with
parasite DNA in the lab or at the sequencing center is the
likely explanation in this case, though we cannot formally
rule out an infection of the gorilla with P. falciparum. Tak-
ing into account that all other host-parasite associations
that we found fit well with parasite biology (i.e. gregarines
only in invertebrates, piroplasmids in tick vectors and
vertebrate hosts), we consider infection of the sequenced
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organism as the most likely source of parasite contamin-
ation in the other assemblies.

Contaminations with piroplasmid parasites were found
in the assemblies of tick vectors (Amblyomma ameri-
canum, Ixodes ricinus, Ixodes scapularis), as well as in
putative vertebrate hosts (Chrysochloris asiatica, Capra
hircus, Odocoileus virginianus, Ornithorhynchus anati-
nus). A recent study by Paparini et al. [38] has provided
the first molecular data from Theileria ornithorhynchi, a
piroplasmid parasite of the platypus. In a blastn search
of piroplasmid 18S rRNA sequences against the platypus
genome assembly [39], we identified a contig of piroplas-
mid origin encoding a fragment of the parasite’s 18S
rRNA (EMBL/Genbank acc. nr. AAPN01188453). A
phylogenetic analysis based on the dataset of Paparini et
al. [38] indeed recovered this contig closely associated
with the sequences from T. ornithorhynchi (Additional
file 2: Figure S2). We also found a small number of se-
quences derived from a piroplasmid parasite in the gen-
ome assembly of the Cape golden mole (Chrysochloris

asiatica; WGS prefix AMDVO1). To the best of our
knowledge, this is the first report of a piroplasmid infec-
tion in mammals belonging to the order Afrosoricida.
The extracted sequences from the genome assembly
of the blacklegged tick, I scapularis, are identical to
sequences from the equine parasite Theileria equi.
While I scapularis has not been described as a vector
of this species, the sequenced ticks were fed on sheep
[40], which may be natural hosts of T. equi [41].
However, a cautionary note is required: The presence
of parasite DNA in the blood or tissue of a putative
host indicates that the animal is naturally subjected
to the parasite and that the parasite can develop in
the host, but it does not prove that the parasite is
able to complete its complex life cycle within the host
and infect a new host.

Deep phylogeny of Apicomplexa
The advent of molecular phylogenetics has challenged
several longstanding views on the relationships among
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apicomplexan taxa, such as the monophyly of Plasmo-
dium parasites [42, 43] or the inclusion of Cryptosopi-
dium in Coccidia [44, 45]. The deep-level phylogenetic
relationships of our tree are in good agreement with the
current view on apicomplexan phylogeny. Like previous
molecular studies [44, 46], we found a sister group rela-
tionship between Cryptosporidium and the gregarines at
the base of Apicomplexa. Both parasite taxa appear to
have lost their plastid genomes [47, 48] and also share
numerous molecular similarities [46]. Piroplasmida and
Haemosporida were united in a clade to the exclusion of
Coccidia. Within Piroplasmida, Babesia was found to be
paraphyletic — a finding that is congruent with the re-
sults of Schnittger et al. [49], who inferred six major
monophyletic piroplasmid lineages based on all available
18S rRNA data. The authors concluded that a robust
phylogeny based on multi-gene data might be required
before re-interpretation of traditional characters could
reconcile morphological and molecular data. A recent
study on the phylogenetic relationships of Theileria
ornithorhynchi, a parasite of the monotreme platypus,
placed this species outside the clade of the theilerids and
basal to all other piroplasms [38]. However, the results
were inconclusive as this relationship was only recovered
in the analysis of 18S rRNA data, while tree inference
using the heat shock protein 70 (Hsp70) resulted in a
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markedly different phylogeny. Dataset 1 contains data
from the platypus parasite for 540 orthologous genes.
The resulting tree supported the tentative placement of
Theileria ornithorhynchi based on 18S rRNA with max-
imum support. We found good support (92% bootstrap
support) for a placement of the afrosoricid parasite ex-
tracted from Chrysochloris asiatica within the clade
comprising all other Theileria parasites and Cytauxzoon.
However, due to the low amount of data available for
this species (only two genes present in dataset 1), its
exact phylogenetic position remains unresolved (Fig. 3).

Phylogenetic analyses based on a reduced dataset that
only contains the genes and taxa with the highest cover-
age (dataset 2) yielded a tree that is fully congruent with
the results from the first analysis but with maximum
support for nearly all splits (Fig. 4). This indicates that
the reduced support for some deep-level splits in the
first analysis is not due to conflict in the phylogenetic
signal but rather due to the unstable positioning of some
taxa with very low gene coverage.

Conclusion

We were able to extract 20,907 parasite-derived contigs
from 51 publicly available genome and transcriptome as-
semblies employing a new bioinformatic pipeline. Our
results show that contaminations in sequencing data are
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not just a problem that needs to be eliminated but that
they also constitute a valuable, cost-efficient source of
information. Analysis of contaminations may enable the
discovery and identification of novel parasite taxa and
shed light on previously unknown host-parasite interac-
tions. Our approach is not only valid for the identifica-
tion of apicomplexan parasites but can also be used to
study contaminations by other pathogens, such as bac-
teria or viruses. Most genomic and transcriptomic stud-
ies only make the raw sequencing data and the final
curated and annotated assemblies available to the public.
While these datasets are obviously most relevant to and
useful for the subject of study, we argue that uncurated
assemblies may contain valuable information from unex-
pected sources and should, therefore, routinely be made
available.

Additional files

Additional file 1: Figure S1. Majority-rule consensus tree based

on a PhyloBayes analysis of complete mitochondrial genomes from
ape-infecting Plasmodium parasites. The alignment is based on the
mitochondrial dataset from Liu et al. (2010) and only contains sequences
from Clades C1 (from Chimpanzees) and G1 (from Gorillas; also contains
human P. falciparum). Two contigs from the Gorilla genome assembly,
which contain parasite-derived mitochondrial fragments, were added to
the alignment. Bayesian posterior probabilities are given at the nodes. The
tree was rooted with the C1 clade of Chimpanzee-infecting Plasmodium
parasites. All EMBL/Genbank acc. nos. are given in parentheses. (PDF 236 kb)

Additional file 2: Figure S2. Majority-rule consensus tree based on a
PhyloBayes analysis of 18 s rRNA sequences from Piroplasmida. The
alignment is based on the 18 s dataset from Paparini et al. (2015). A
single contig from the platypus genome assembly, which contains a
parasite-derived 18 s rRNA fragment, was added to the alignment.
Bayesian posterior probabilities are given at the nodes. The tree was
rooted with Cardiosporidium cionae. All EMBL/Genbank acc. nos. are given
in parentheses. (PDF 157 kb)
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The apicomplexan order Haemosporida is a clade of unicellular blood parasites that infect a variety of
reptilian, avian and mammalian hosts. Among them are the agents of human malaria, parasites of the
genus Plasmodium, which pose a major threat to human health. Illuminating the evolutionary history
of Haemosporida may help us in understanding their enormous biological diversity, as well as tracing
the multiple host switches and associated acquisitions of novel life-history traits. However, the deep-
level phylogenetic relationships among major haemosporidian clades have remained enigmatic because
the datasets employed in phylogenetic analyses were severely limited in either gene coverage or taxon
sampling. Using a PCR-based approach that employs a novel set of primers, we sequenced fragments
of 21 nuclear genes from seven haemosporidian parasites of the genera Leucocytozoon, Haemoproteus,
Parahaemoproteus, Polychromophilus and Plasmodium. After addition of genomic data from 25 apicom-
plexan species, the unreduced alignment comprised 20,580 bp from 32 species. Phylogenetic analyses
were performed based on nucleotide, codon and amino acid data employing Bayesian inference, maxi-
mum likelihood and maximum parsimony. All analyses resulted in highly congruent topologies. We
found consistent support for a basal position of Leucocytozoon within Haemosporida. In contrast to all
previous studies, we recovered a sister group relationship between the genera Polychromophilus and
Plasmodium. Within Plasmodium, the sauropsid and mammal-infecting lineages were recovered as sister
clades. Support for these relationships was high in nearly all trees, revealing a novel phylogeny of
Haemosporida, which is robust to the choice of the outgroup and the method of tree inference.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

dently acquired the ability to infect humans (Escalante et al., 1995;
Cox-Singh et al., 2008). As agents of human malaria, Plasmodium

Haemosporida are protozoan blood parasites with complex life
cycles that infect a great variety of vertebrate hosts. Haemosporid-
ians are member of the phylum Apicomplexa and include the
genus Plasmodium. At least five Plasmodium species have indepen-

Abbreviations: asl, adenylosuccinate lyase; clpc, caseinolytic protease; col,
cytochrome oxidase I; cytb, cytochrome b; ML, maximum likelihood; MP, maximum
parsimony.
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parasites are one of the greatest threats to human health (WHO,
2013). Surveys of blood parasites in vertebrate wildlife have
revealed a rich diversity of haemosporidian lineages infecting rep-
tiles, birds and mammals (e.g., Ricklefs and Fallon, 2002; Duval
et al., 2007; Valkiunas et al.,, 2008; Bensch et al., 2009; Chasar
et al., 2009). However, due to their importance in medical research,
most studies have focused on Plasmodium species of primates and
rodents. Large-scale genome sequencing efforts have produced
several complete genomes of these parasites (e.g., Carlton et al,,
2002, 2008; Gardner et al., 2002; Hall et al., 2005; Pain et al,,
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2008; Tachibana et al., 2012; Otto et al., 2014), while other key
taxa for the understanding of haemosporidian evolution are only
scarcely represented in public databases. Therefore, deep-level
phylogenetic relationships among major haemosporidian lineages
are still poorly resolved. Yet, our understanding of the emergence
of new diseases and the acquisition of novel life-history traits by
parasites depends on the knowledge of a solid phylogenetic back-
bone (Lefevre et al., 2007).

The order Haemosporida currently contains 15 extant genera,
though the vast majority of the more than 500 described species
have been assigned to the four genera Plasmodium, Hepatocystis,
Haemoproteus and Leucocytozoon. Members of the genus Plasmod-
ium infect a wide range of vertebrate hosts, whereas Leucocytozoon
and Haemoproteus are limited to sauropsids and Hepatocystis is
only found in mammals (predominantly bats and primates). Some
of the other genera only contain a single described species for
which molecular data is not available and the taxonomic status
of some genera remains uncertain (see Perkins (2014) for a review
of the history of haemosporidian systematics), e.g. some authors
favored splitting both Haemoproteus and Leucocytozoon into two
genera (Bennett et al., 1965; Martinsen et al., 2008) and several
studies found Plasmodium to be paraphyletic (e.g. Perkins and
Schall, 2002; Outlaw and Ricklefs, 2011). All haemosporidian para-
sites share similar life cycles. They use blood-feeding dipterans as
vectors (Garnham, 1966; Valkiunas, 2005). Sexual reproduction
occurs in the gut of the vector and the infectious sporozoites
develop in the salivary glands. When the vector feeds on a verte-
brate host, the sporozoites enter the blood stream and invade hep-
atocytes or endothelial cells. In these cells, the parasites undergo
the first cycle of schizogony. Once released, the merozoites infect
new cells of various tissues where they undergo another cycle of
schizogony (Garnham, 1966). In contrast to most other haemo-
sporidians, Plasmodium parasites also undergo schizogony in ery-
throcytes (Garnham, 1966; Valkitunas, 2005). Within erythrocytes
or leucocytes, the merozoites develop into gametocytes, which
can then infect a new vector. Except Leucocytozoon, most haemo-
sporidians form a characteristic pigment in the red blood cells
called hemozoin, which is a crystalline metabolite from hemoglo-
bin digestion by the parasite (Goldberg et al., 1990).

Before the advent of DNA sequencing methodologies, the classi-
fication of haemosporidian parasites solely relied on their mor-
phology, their life-history traits, and the taxonomy of the
infected vertebrate hosts and insect vectors (e.g., Garnham,
1966). Based on these characters, early reconstructions of haemo-
sporidian phylogeny concluded that the most parsimonious tree
comprises a monophyletic group of Plasmodium parasites, which
exhibit the most derived traits (i.e. schizogony in the red blood
cells of the vertebrate host, formation of hemozoin pigment),
whereas Leucocytozoon, which lacks these traits, was placed at
the base of Haemosporida. However, the significance of these char-
acters for use in phylogenetic analyses had been questioned long
before the first genetic sequences became available (e.g.,
Manwell, 1957; Garnham, 1966). Morphological traits seen under
the light microscope can be distorted by preservation and only give
an approximate representation of the underlying three-
dimensional structure of the parasites (Martinsen et al. (2008)
compared it to “systematic study of insects based on remains seen
on automobile windshields”). Life-history traits, such as the pro-
duction of hemozoin pigment or the types of host cells used for
schizogony, could have evolved convergently on the basis of simi-
lar ecological pressures. While host switches between distantly
related hosts have long been regarded as major events in the evo-
lution of Haemosporida (Garnham, 1966), this view has been chal-
lenged by recent evidence for multiple host switches between
birds and bats (Duval et al., 2007; Witsenburg et al., 2012).

A major point of contention concerning the haemosporidian
phylogeny is the position of the root. Early molecular analyses
were limited to single gene fragments. In a study based on the
mitochondrial gene cytochrome b (cytb) using the piroplasmid
Theileria annulata as outgroup, Perkins and Schall (2002) supported
a basal position of Leucocytozoon. Hagner et al. (2007), by contrast,
employed fragments of three genes (including cytb) for indepen-
dent phylogenetic reconstructions and concluded that none of
the analyzed genes alone contained sufficient phylogenetic infor-
mation to resolve deep-level relationships. A multigene analysis
based on four genes (Martinsen et al., 2008) resulted in a topology
with high support for most splits. However, the tree was rooted
with Leucocytozoon and did not include any non-haemosporidian
outgroup taxa because the outgroup sequences were considered
too divergent. To address this issue, Outlaw and Ricklefs (2011)
reevaluated the dataset of Martinsen et al. (2008) using an
outgroup-free molecular clock approach for rooting. In the result-
ing tree, Haemosporida are split into two major clades, one com-
prising all mammalian Plasmodium lineages (plus Hepatocystis),
the other uniting the sauropsid parasites.

Originally, all avian parasites that produce hemozoin pigment
but do not undergo schizogony in the red blood cells were classi-
fied as members of the genus Haemoproteus. Bennett et al. (1965)
proposed splitting Haemoproteus into two genera, Haemoproteus
and Parahaemoproteus. Haemoproteus sensu Bennett et al. (1965)
comprises the parasites that use hippoboscid flies as vectors while
Parahaemoproteus relies on mosquitoes for transmission. Molecu-
lar analyses mostly recovered these two groups of parasites as dis-
tinct lineages. However, the taxonomic status of Haemoproteus
remained uncertain, because some studies favored a sister group
relationship between both clades, thereby supporting a single
genus Haemoproteus divided into two subgenera (lezhova et al.,
2011; Pineda-Catalan et al., 2013), while other analyses found this
taxon to be paraphyletic (Martinsen et al., 2008; Witsenburg et al.,
2012).

The phylogenetic placement of the bat-infecting genera Hepato-
cystis, Polychromophilus and Nycteria has proven especially trouble-
some. In contrast to Plasmodium parasites, they lack the ability to
reproduce asexually in erythrocytes (blood schizogony). However,
studies based on molecular data have consistently recovered them
nested within Plasmodium. Hepatocystis was found to be closely
associated with mammalian Plasmodium in numerous analyses
(e.g., Escalante et al., 1998; Perkins and Schall, 2002; Martinsen
et al., 2008). Witsenburg et al. (2012) expanded the four-gene
dataset (Martinsen et al., 2008) to include two species of Polychro-
mophilus and recovered this taxon closely related to the clade of
sauropsid-infecting Plasmodium, similar to the results of Duval
et al. (2007) and Megali et al. (2011). Schaer et al. (2013) increased
the taxon sampling of bat parasites by adding various species of
the genera Plasmodium, Hepatocystis, Nycteria and Polychromophilus
and found Polychromophilus to be most closely related to a clade
comprising Nycteria and the mammalian lineage of Plasmodium
and Hepatocystis.

The majority of recent studies found Plasmodium to be para-
phyletic with regard to the chiropteran haemosporidians (see
above), Outlaw and Ricklefs (2011) even recovered the genus Plas-
modium as a polyphyletic group and placed the mammalian Plas-
modium lineage at the base of Haemosporida. Despite these
marked differences in topology, analyses based on single genes
or on variations of the four-gene dataset of Martinsen et al.
(2008) have generally recovered a monophyletic group comprising
all mammalian Plasmodium species (also including Hepatocystis).
By contrast, a phylogenetic analysis of the available genome data
(Pick et al., 2011) found a close relationship between the avian
parasite P. gallinaceum and the most malignant agent of human
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malaria, P. falciparum. The dataset employed in this analysis com-
prises 218 full length genes and thus provides much higher
sequence coverage than previous phylogenetic analyses. However,
the study is limited to taxa with fully sequenced nuclear genomes,
which were available for only eight Plasmodium species, whereas
all other haemosporidian genera are not included in the analysis.

Most molecular phylogenetic studies employed only small
numbers of genes (one to four), and relied primarily on mitochon-
drial and apicoplast sequences, as the development of nuclear gene
markers that are effective across the diverse lineages of Haemo-
sporida has proven to be very challenging (Perkins, 2014). These
datasets were not suited for the inclusion of distant outgroups
and have therefore been unable to resolve the deep-level phyloge-
netic relationships among major haemosporidian clades robustly.
We tackle the problem of rooting the evolutionary tree of malaria
parasites by trying to strike a balance between gene coverage and
taxon sampling. For the first time, we developed a large number of
nuclear markers that amplify gene fragments from most major
haemosporidian lineages. Using this PCR-based approach, we suc-
cessfully generated a dataset of 21 genes that includes most major
haemosporidian lineages. Phylogenetic analyses of a concatenated
alignment resulted in a well-resolved phylogeny that was robust to
the choice of the outgroup and the method of tree inference.

2. Materials and methods
2.1. Sample collection and parasite screening

Blood samples from birds, reptiles and bats were collected from
a wide range of geographical locations (Table 1) and stored on
Whatman FTA cards (Sigma-Aldrich, Munich, Germany) or as
EDTA-blood in lysis buffer. Total DNA was extracted from each
sample using the QIAamp DNA Investigator Kit (Qiagen, Hilden,
Germany) according to manufacturer’s instructions. All samples
were screened for haemosporidian parasites by nested PCR using
degenerate oligonucleotide primers that amplify a 317 bp frag-
ment (after removal of primer sequences) of the cytochrome b
gene. The outer PCR was performed using primers HaemoScrF1
(5’-AAH TAT GGA GYG GWT GGT G-3’) and HaemoScrR1 (5'-TTA
RRY TTC TYT GTT CDG C-3’), 2 pl of genomic DNA were subjected
to 30 cycles of 94 °C for 30s, 42 °C for 30 s, and 66 °C for 45s. A
0.5 ul aliquot of the product was used as template for a nested
reaction with primers HaemoScrF2 (5-TAA TAC GAC TCA CTA
TAG GGA CCW TGG GGW CAA ATG AG-3') and HaemoScrR2
(5'-ATT TAG GTG ACA CTA TAG AAG CAT TAT CWG GAT GWG
MTA-3') under 40 cycles of 94°C for 30s, 44 °C for 30s, and
66 °C for 45 s. The nested screening primers add T7 and Sp6 adap-
tors, respectively, at the 5'-ends of the PCR product for direct
sequencing. More than 50% of all positive samples had ambiguous

Table 1

Host species, lineage and geographic origin of the parasite taxa used in the study.
Parasite species Lineage Host species Sampling #

location  Genes
Plasmodium sp. TURGEO1  Turdus merula Germany 19
Plasmodium AGANIO1 Agama agama Nigeria 16
giganteum

Polychromophilus sp. MYOBUO1 Myotis myotis Bulgaria 11
Polychromophilus sp.  MYOPAO1 Myotis nigricans Panama 5
Parahaemoproteus sp. NUMNIO1 Numida meleagris Nigeria 18

Parahaemoproteus sp. ACRGEO1  Acrocephalus

scirpaceus

Germany 12

Haemoproteus COLNIO1  Columba livia Nigeria 9
columbae

Leucocytozoon sp. TURGEO2  Turdus merula Germany 11

Leucocytozoon sp. GALNIO1  Gallus gallus Nigeria 4

base calls after direct sequencing of the PCR products and were dis-
carded as potentially containing multiple infections. Additionally,
coding sequences of cytochrome b (cytb), cytochrome oxidase I
(col), adenylosuccinate lyase (asl) and caseinolytic protease (clpc)
were sequenced as described in Martinsen et al. (2008). The PCR
products were ligated into the pGEM-T vector (Promega, Madison,
USA) and amplified in E. coli (JM109). For each gene, three indepen-
dent clones were sequenced. Despite the cautionary approach of
removing all samples with ambiguous base calls, sequencing of
independent clones of the four genes used in Martinsen et al.
(2008) revealed the presence of two distinct parasite species in
three of the remaining samples, which were discarded as well. A
final set of nine samples was selected for amplification of nuclear
genes (Table 1). The cytb sequence of each sample was used in a
Blast search against the MalAvi database and the Genbank nucleo-
tide database (http://www.ncbi.nlm.nih.gov/genbank/) to identify
the genus and, if possible, species of the parasite.

2.2. Primer design, PCR and sequencing

Primer design was based on the dataset by Pick et al. (2011),
which comprises 218 single-copy nuclear genes. All single gene,
nucleotide alignments were searched for suitable primer binding
sites using a custom-made Ruby script (Borner et al., unpublished)
using only the Plasmodium sequences as template. The script
searches for conserved regions in aligned protein-coding nucleo-
tide sequences and evaluates potential primer pairs based on the
degree of degeneration, GC content, product size, melting temper-
atures and hybridization energies of homo- and heterodimers. By
searching for matches in all fully sequenced nuclear genomes of
Plasmodium parasites, the script ensures that primers do not span
exon/intron boundaries and only amplify a genomic region of a
pre-defined maximum size (1500 bp was set as the limit for the
outer pair). Finally, optimal quartets of primer oligonucleotides
were selected comprising an inner and an outer pair to allow for
nested PCR. This approach was successful for 21 nuclear genes,
for which primer oligonucleotides were designed (Supplemental
Table S1). The amplified gene fragments range in size from
609 bp to 1178 bp and the global ratio of non-synonymous to syn-
onymous substitutions (dN/dS) is <0.1 for all alignments.

All PCR reactions on nuclear genes were performed with the
AccuPrime Taq DNA polymerase according to the following proto-
col: First, a touchdown PCR was carried out using the outer primer
pair on 2 pl of genomic DNA. The denaturing step was performed
at 94 °C for 30s. The initial annealing temperature was set to
47 °C (for 30 s). During the first ten cycles, the annealing tempera-
ture was decreased in 0.5 °C decrements before reaching a final
annealing temperature of 42 °C for the remaining 25 cycles. Elonga-
tion was performed at 62 °C for 90 s. The same conditions were
employed for the nested PCR, with the exception of performing
ten additional cycles and using a 0.5 pl aliquot of the product from
the outer PCR as template. Unsuccessful PCR reactions were
repeated with reduced annealing temperatures. PCR fragments of
the expected size were isolated by gel extraction, ligated into the
pGEM-T vector (Promega, Madison, USA) and amplified in E. coli.
All fragments were sequenced in both directions. Base calling,
removal of vector and primer sequences, and consensus calculation
were performed using Vector NTI (Life Technologies, Carlsbad, USA).
All sequences were deposited in the European Nucleotide Archive
(http://www.ebi.ac.uk/ena; Supplemental Tables S2 and S3).

2.3. Multiple sequence alignment
In addition to the PCR products, sequence data for the 21 gene

fragments were obtained from Pick et al. (2011) and from gene
predictions of all available apicomplexan genome projects
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(http://eupathdb.org; Aurrecoechea et al., 2009) resulting in a final
taxon sampling of 20 haemosporidian species and 12 outgroup
taxa. Orthology assignment was performed by reciprocal BLAST
searches (E-value < 10E-10) requiring bidirectional best hits to
all taxa included in the dataset of Pick et al. (2011). The sequences
were translated and each group of orthologous proteins was
aligned individually using MAFFT L-INS-i v7.013 (Katoh and
Standley, 2013). Codon alignments were created using a custom
Ruby script that uses the protein alignment to guide the corre-
sponding alignment of nucleotide codons. Poorly aligned sections
of the amino acid alignments were eliminated by Gblocks v0.91b
(Castresana, 2000), allowing for smaller final blocks, gap positions
within the final blocks, and less strict flanking positions. The
corresponding codons were also removed from the nucleotide
alignments (see Supplemental Table S4 for an overview of all data-
sets used in this study). All data associated with this paper are
deposited in the Dryad Digital Repository: http://dx.doi.org/10.
5061/dryad.72fg9.

To test the effect of missing data, a reduced dataset was created
by removing the genes and taxa with the poorest coverage. After
removal of four genes and two taxa, all genes had a taxon coverage
of >90% (>50% for the newly sequenced taxa) and all taxa had
sequence data available for >50% of the genes. To test the effect
of outgroup selection on tree topology, three datasets with reduced
outgroups were created from the protein dataset. In the first data-
set, the outgroup was limited to Coccidia (represented by Toxo-
plasma, Neospora and Eimeria), for the second dataset, the tree
was rooted with Piroplasmida (Theileria and Babesia) and in the
third dataset the outgroup comprised only the most distant api-
complexan genus Cryptosporidium. To test the effect of taxon sam-
pling on the internal Plasmodium phylogeny, a superalignment was
generated based on the 21 gene dataset but with the limited taxon
sampling of Pick et al. (2011).

A combined dataset was created by adding the haemosporidian
sequences from the studies of Martinsen et al. (2008) (cyth, col,
clpc, asl) and Schaer et al. (2013) (cyth, col, clpc, elongation factor
2A) to the sequences from this study resulting in a dataset that
comprises data of 26 genes from 103 haemosporidian parasites.
For this dataset, all sequences from both studies were downloaded
from the EMBL/Genbank nucleotide database and added to the
nucleotide dataset. Additionally, the sequences for cytb, col, asl
and clpc from the nine new taxa of the current study were added
to the combined dataset. Sequences of the 21 nuclear genes were
not available for the added taxa and were coded as missing data.

2.4. Phylogenetic analysis

Phylogenetic trees were calculated by GARLI 2.01 (Zwickl, 2006)
for ML analyses, MrBayes 3.2 (Ronquist and Huelsenbeck, 2003) for
Bayesian inference and PHYLIP (Felsenstein, 2005) for MP analyses
(see Supplemental Table S5 for a detailed overview of all phyloge-
netic analyses). All Bayesian analyses assumed four Gamma cate-
gories of rate heterogeneity and were run for 15,000,000
generations, sampling every 1000th generation and employing
two runs with four chains each. Phylogenetic analyses of the
nucleotide alignment containing only the first two codon positions
were run under the GTR + I model of nucleotide substitution for
all ML and Bayesian inferences. Based on fitting estimates by Prot-
Test (Abascal et al., 2005), the WAG amino acid substitution matrix
(Whelan and Goldman, 2001) was specified in the MrBayes and
GARLI analyses of the protein dataset assuming a Gamma distribu-
tion of rate heterogeneity (four categories) and empirical amino
acid frequencies. A cross-validation analysis in PhyloBayes 4.1
(Lartillot et al., 2009) showed that for the amino acid dataset the
WAG model provides a significantly better fit than the CAT
model (cross-validation score of 91.5%32.8 in favor of WAG).

Phylogenetic reconstructions based on the codon dataset were per-
formed by MrBayes and GARLI. A codon model (F3X4) was applied
in GARLI using different base frequencies for each codon position, a
GTR-like model of nucleotide substitution and a uniform rate of
non-synonymous to synonymous substitutions (dN/dS). Bayesian
inference was performed under the M3 model on nonsynonymous
to synonymous substitution and a GTR model of nucleotide substi-
tution. Additionally, MP analyses were performed on the protein
and the nucleotide alignments using the programs Protpars and
Dnapars from the PHYLIP package. For ML and MP analyses, boot-
strap support was calculated from 100 replicates and mapped on
the best tree. Convergence of the independent MrBayes runs was
checked using the program AWTY (Nylander et al., 2008). Based
on the topological variation between runs, a burnin of 5,000,000
generations was chosen for the calculation of consensus trees.

The phylogenetic analyses of the full 32 taxa dataset were per-
formed employing all tree inference methods described above and
a strict consensus cladogram was generated from the resulting
trees. Tree inference based on the combined nucleotide dataset
was performed by MrBayes. The amino acid datasets with reduced
outgroups or minimized missing data were analyzed with GARLI
and the dataset with the limited taxon sampling of Pick et al.
(2011) was analyzed with MrBayes. Additionally, an outgroup-
free phylogenetic reconstruction based on the nucleotide dataset
was performed using BEAST v1.80 (Drummond et al., 2012) after
removal of all non-haemosporidian taxa. For this analysis, the
same parameters were used as described in Outlaw and Ricklefs
(2011). Two BEAST runs were performed in parallel under a relaxed
molecular clock using the GTR + I model with four discrete Gamma
categories and estimated base frequencies. The chains were run
employing the Yule tree prior for 10,000,000 generations, sampling
every 1000th tree and discarding the first 10% of samples as bur-
nin. All phylogenetic analyses were performed on the CIPRES
Science Gateway (Miller et al., 2010).

3. Results
3.1. Parasite identification

Based on Blast searches against the MalAvi database (Bensch
et al., 2009) and the Genbank nucleotide database (http://www.
ncbi.nlm.nih.gov/genbank/), the parasites were identified as spe-
cies of the genera Leucocytozoon, Haemoproteus, Parahaemoproteus,
Polychromophilus and Plasmodium (Table 1). Two parasite samples
showed >99% sequence identity in the cytb gene to previously
described species. As the host record for both species matches
the source of our samples, we have assigned them to the species
Haemoproteus columbae and Plasmodium giganteum.

3.2. Sequencing of nuclear genes and alignment processing

A set of primers for the amplification of 21 orthologous nuclear
genes that are conserved among Haemosporida was developed on
the basis of the dataset of Pick et al. (2011) (Supplemental
Table S1). We obtained between four and 19 gene fragments from
each sample (Table 1). Amplification from samples of Plasmodium
and Parahaemoproteus parasites yielded better results (twelve -
19 genes) than amplification from the other samples (four - eleven
genes). This 21-gene dataset was complemented with orthologs
from Pick et al. (2011) and the available apicomplexan genome
projects. The resulting superalignment included 32 species and
6860 amino acid positions (20,580 bp, 34.5% missing data/gaps).
After removal of ambiguously aligned positions using Gblocks,
the dataset covered 4699 amino acid positions (14.6% missing
data/gaps). The corresponding nucleotide alignment contained
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14,097 bp, removal of the third codon position resulted in a dataset
of 9398 bp. To test the effect of missing data, a reduced amino acid
dataset was created comprising data from 17 genes and 30 taxa.
The resulting alignment contains 3999 amino acid positions (9.4%
missing data/gaps). In addition, a combined dataset was created
by adding the haemosporidian sequences from the studies of
Martinsen et al. (2008) and Schaer et al. (2013) to the data from
this study. This alignment comprised 103 species and 16,898 bp
(74.5% missing data/gaps).

3.3. Molecular phylogeny of Haemosporida

Ten phylogenetic analyses were performed on the 21-gene
dataset with a variety of methods (Bayesian inference, maximum
likelihood [ML] and maximum parsimony [MP]) based on nucleo-
tide, codon and amino acid data (see Supplementary Table S5 for
an overview of phylogenetic analyses). All analyses resulted - with
the exception of two nodes - in identical topologies (Fig. 1A) with
high support values (Figs. 1B and 2, Supplementary Figs. S1-S7).
Only the tree derived from the ML analysis of the nucleotide data-
set showed slightly reduced support values (Supplementary
Fig. S5), though its topology is still highly congruent with the
results of the other analyses. In all trees, Haemosporida were
recovered as a monophyletic taxon, which is the sister group of
Piroplasmida (represented by Theileria and Babesia). Within
Haemosporida, Leucocytozoon was consistently recovered as the
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earliest branching clade. While Bayesian tree inference employing
the amino acid dataset yielded high support for a clade uniting
Haemoproteus columbae and Parahaemoproteus (Fig. 2), some of
the other analyses found a close relationship of either Haemopro-
teus columbae or Parahaemoproteus with the clade comprising Poly-
chromophilus and Plasmodium. Though, resolution of this split was
poor in most trees (Supplemental Figs. S1-S7). There is strong sup-
port from all analyses for a sister group relationship of Polychro-
mophilus and Plasmodium (Fig. 1). Plasmodium was recovered as a
monophyletic group in all analyses. Within Plasmodium, the
mammal-infecting lineages form a common clade to the exclusion
of the Plasmodium parasites of sauropsids. The Laverania, a sub-
genus containing P. falciparum and the ape-infecting Plasmodium
species (represented by P. reichenowi), were recovered as the sister
group of all other the mammalian Plasmodium species, while the
malaria agents of rodents (P. berghei, P. chabaudi, P. vinckei and P.
yoelii) were found to be most closely related to a clade comprising
the other primate Plasmodium species (P. cynomlgi, P. knowlesi, P.
inui and P. vivax). By contrast, phylogenetic analysis of the amino
acid dataset under the limited taxon sampling of Pick et al.
(2011) found a close relationship between the Laverania and the
avian parasite P. gallinaceum (Supplemental Fig. S8), as was origi-
nally reported in that study.

To evaluate the effect of outgroup selection on the topology of
the trees, alternative analyses were performed, each with only
one of the three major outgroup taxa (Supplemental Figs. S9-
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Fig. 1. (A) Strict consensus cladogram from all eight phylogenetic analyses of the full dataset. Nodes that were not recovered in all analyses are shown as polytomies. The
outgroups are not displayed; phylogenetic relationships among the outgroup taxa are identical to Fig. 2 and received maximum support in all analyses. Taxa sequenced in this
study are depicted in bold letters. (B) Bootstrap support values and Bayesian posterior probabilities from the individual analyses (Fig. 2; Supplemental Figs. S1-S7) for the

splits depicted above.
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Fig. 2. Majority-rule consensus tree based on a MrBayes analysis of the amino acid dataset (21 genes, 32 taxa). Posterior probabilities < 1.00 are given at the nodes, all other

splits have 1.00 posterior probability. The tree was rooted with Cryptosporidium.

S11). Within Haemosporida, the topology described above was
recovered with all three datasets. To further address the effect of
outgroup rooting, an outgroup-free molecular clock based
approach to rooting was employed after the removal of all out-
group taxa. This analysis also strongly supported a sister group
relationship of monophyletic Plasmodium and Polychromophilus
(Supplemental Fig. S12), and further resulted in the same internal
Plasmodium phylogeny as described above. However, the phyloge-
netic relationships at the base of Haemosporida were essentially
unresolved in this analysis, because the placement of Haemopro-
teus and Parahaemoproteus as two independent lineages on the
branch leading up to the clade comprising Plasmodium and Poly-
chromophilus received only weak support. To minimize the effect
of missing data, a reduced dataset was created by removing the
genes and taxa with the highest amount of missing data. Phyloge-
netic analysis of this dataset resulted in the same deep-level rela-
tionships as obtained from the full dataset. However, the sauropsid
Plasmodium species were recovered as a paraphyletic assemblage
at the base of Plasmodium (Supplemental Fig. S13).

The analysis of a combined dataset (Fig. 3), which included the
nuclear sequences from this study as well as those of Martinsen
et al. (2008) and Schaer et al. (2013), confirmed the species identi-
fication based on Blast searches. The resulting tree (Fig. 3) is fully
congruent with the topology obtained from the 21-gene dataset
(Fig. 1). It was rooted with Leucocytozoon and supports a basal posi-
tion of H. columbae among the remaining haemosporidians (1.0
posterior probability). The genus Polychromophilus was recovered
as the sister group of a clade comprising all Plasmodium species
and the other bat-infecting genera, i.e. Hepatocystis and Nycteria
(1.0 posterior probability), which were not included in the 21-

gene dataset. Hepatocystis and Nycteria were found nested within
the genus Plasmodium. However, their positions were poorly
resolved, like most deep-level relationships among major Plasmod-
ium lineages, which is in contrast to the trees obtained from the
nuclear datasets. Bayesian tree inference with the same taxon sam-
pling but employing a dataset that is limited to the data from the
five genes of Martinsen et al. (2008) and Schaer et al. (2013) recov-
ered both Polychromophilus and Nycteria as closely related to the
clade of mammalian parasites (Supplemental Fig. S14, which is
consistent with the results of Schaer et al. (2013)).

4. Discussion

Although numerous studies have focused on the phylogeny of
Haemosporida, there is still no consensus on the deep-level relation-
ships within this order. By contrast, most of the shallower nodes
have received high support (i.e. monophyly of most commonly
accepted haemosporidian genera and subgenera) (e.g., Martinsen
et al.,, 2008; Outlaw and Ricklefs, 2011; Pineda-Catalan et al,,
2013). Perkins (2014) suggested that this pattern is due to founder
effects caused by shifts in vector use as Martinsen et al. (2008) found
each major haemosporidian clade to be associated with a unique
vector family. While this explanation is plausible, it is also quite
obvious that the datasets used so far were not ideal for reconstruct-
ing the earliest events in haemosporidian evolution. Due to the chal-
lenges involved in developing nuclear markers for this diverse group
of parasites (discussed below), all studies have relied on similar sets
of no more than four genes mostly of mitochondrial or apicoplast
origin. The phylogenetic signal contained in these sequences might
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Fig. 3. Majority-rule consensus tree based on a MrBayes analysis of the combined nucleotide dataset comprising the sequence data from Martinsen et al. (2008) and Schaer
et al. (2013) and the current study (26 genes, 103 taxa). Splits with a posterior probability > 0.95 are indicated by a hollow dot, splits with 1.00 posterior probability are
indicated by a filled dot. Taxa included in the nuclear dataset are highlighted in bold. The tree was rooted with Leucocytozoon as outgroup.

not be sufficient to resolve the deepest nodes of the tree, especially
as some of the gene fragments are rather short. In addition, there is
tentative evidence for a loss of mitochondrial DNA sequences or
their transfer into the nuclear genome in some parasites
(Zehtindjievetal., 2012; Schaer etal.,2015). Another problem is that
the genes regularly used in phylogenetic studies are not well suited
for the inclusion of distant outgroups because the sequences are too
divergent (Martinsen et al., 2008) and at least for one of the genes
(clpc), there is no clear ortholog in the other apicomplexans. The
inability to include outgroup taxa is especially problematic because
the major point of disagreement on haemosporidian phylogeny
relates to the position of the root, upon which basically all other
deep-level relationships depend.

We have tackled the problem of rooting the evolutionary tree of
malaria parasites using a PCR-based approach by sequencing 21

nuclear gene fragments, which were selected on the basis of a
dataset of orthologous genes derived from fully sequenced Plas-
modium genomes (Pick et al., 2011). With this approach, we were
able to produce nuclear sequence data from avian parasites of
the genera Haemoproteus and Leucocytozoon, the bat-infecting
genus Polychromophilus, and two additional sauropsid Plasmodium
species. To the best of our knowledge, this is the first phylogenetic
analysis that employs multiple nuclear gene sequences of these
parasite lineages.

4.1. Leucocytozoon is the deepest branching taxon within
Haemosporida

Based on a dataset of four genes, Martinsen et al. (2008)
obtained the first phylogenetic tree with high support for most
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major haemosporidian lineages (Fig. 4A), which is generally in line
with the traditional view of haemosporidian evolution. Using Leu-
cocytozoon as outgroup, Plasmodium was found as the most derived
clade, while Haemoproteus and Parahaemoproteus were recovered
as two distinct lineages as already proposed by Bennett et al.
(1965). Outlaw and Ricklefs (2011), however, argued that there
was insufficient evidence for a basal position of Leucocytozoon
and criticized its a priori use as outgroup in most studies on
haemosporidian phylogeny. The authors suggested an alternative
rooting of the tree, based on an outgroup-free rooting method
assuming a molecular clock. This tree inference resulted in a mark-
edly different phylogeny, essentially dividing Haemosporida into
two major clades. The first clade comprised all mammalian Plas-
modium species, while the second clade included all other haemo-
sporidian parasites infecting birds or reptiles (Fig. 4B). Thus, the
genus Plasmodium was considered polyphyletic. Such a topology
would require both taxonomic revision of the genus Plasmodium
and reevaluation of the evolution of life history traits within Hae-
mosporida. A clade comprising all sauropsid parasites would mean
that the ability to reproduce asexually in red blood cells (blood
schizogony), which is exclusive to Plasmodium, has either evolved
independently in mammalian and sauropsid Plasmodium species
or has been lost multiple times (Outlaw and Ricklefs, 2011). Our
results based on the 21-gene dataset reject this notion and strongly
support monophyletic Plasmodium and a basal position of Leucocy-
tozoon within Haemosporida (Fig. 4C). This topology was consis-
tently recovered in all analyses employing amino acid, nucleotide
or codon data and was also robust to the choice of outgroup and
phylogenetic reconstruction method (ML, MP or Bayesian infer-
ence) (Fig. 1). Notably, the application of the same outgroup-free
rooting method as used by Outlaw and Ricklefs (2011) to our
dataset also recovered a sister group relationship of monophyletic
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Fig. 4. Comparison of phylogenetic hypotheses on the deep-level relationships of
Haemosporida. (A) Topology from Megali et al. (2011) and Witsenburg et al. (2012).
(B) Phylogeny from Outlaw and Ricklefs (2011). (C) Phylogenetic relationships
based on the current analysis of the 21-gene dataset. In all phylogenetic analyses
presented here, Hepatocystis was recovered nested within the mammalian clade of
Plasmodium parasites. Parasites of sauropsid hosts are depicted in blue.

Plasmodium and Polychromophilus (Supplemental Fig. S12). How-
ever, the relationships at the base of Haemosporida were essen-
tially unresolved. In a comparative analysis of gene evolution,
Outlaw and Ricklefs (2010) found a significantly elevated ratio of
nonsynonymous to synonymous substitutions along the branch
linking mammal and bird parasites in cytb, suggesting that this
gene has undergone episodic adaptive evolution associated with
the transition from avian to mammalian hosts, thereby resulting
in a long branch between mammalian and sauropsid parasites.
However, this phenomenon was not found in the other two genes
the authors analyzed (col and clpc), and was also not detected in
any of the nuclear genes employed in our study. Such strong, puta-
tively non-phylogenetic signal in cytb might be the cause for the
separation into a mammalian and a sauropsid clade in the subse-
quent outgroup-free analysis (Outlaw and Ricklefs, 2011).

4.2. The relationships of Haemoproteus and Parahaemoproteus remain
unresolved

The taxonomic status of the genus Haemoproteus has been ques-
tioned for a long time. According to Bennett et al. (1965) the avian
haemoproteid species form two distinct clades. The authors desig-
nated the parasites vectored by hippoboscid flies to the genus Hae-
moproteus (including the type species H. columbae) and erected a
new genus Parahaemoproteus for the species, which use mosqui-
toes as vectors. Levine and Campbell (1971) argued that the differ-
ences between both groups were not sufficient to warrant a
division into two genera and relegated them to the status of sub-
genera, a view later echoed by Valkiunas (2005) in his extensive
review of avian blood parasites. Both hypotheses have found sup-
port from molecular data. Martinsen et al. (2008) recovered the
haemoproteid parasites of birds as paraphyletic and favored the
division of Haemoproteus into two genera as proposed by Bennett
et al. (1965). Other studies with a broader taxonomic sampling of
this group recovered both clades as sister subgenera (lezhova
et al., 2011; Pineda-Catalan et al., 2013). Unfortunately, we are
not able to resolve this issue as our results mirror the uncertainty
of previous analyses, with support for either hypothesis (Figs. 2
and 3; Supplemental Figs. S1-S7).

4.3. Polychromophilus is the sister group of the genus Plasmodium

The genus Polychromophilus has proven difficult to classify
based on life history data and morphology. As these parasites use
endothelial cells for reproduction, Mattingly (1983) already specu-
lated whether they constituted a secondary invasion into mam-
mals. Molecular phylogenetic studies consistently recovered
Polychromophilus nested within the genus Plasmodium. While most
analyses based on similar datasets have found Polychromophilus to
be closely associated with the sauropsid Plasmodium species
(Fig. 4A) (Duval et al., 2007; Megali et al., 2011; Witsenburg
et al., 2012), a recent study by Schaer et al. (2013) resolved Poly-
chromophilus more closely related to mammalian Plasmodium,
thereby rejecting the notion of multiple across-clade switches of
the parasite host. In contrast to all previous studies, our analyses
of 21 nuclear genes consistently recovered Plasmodium as a mono-
phyletic taxon to the exclusion of Polychromophilus, which forms
the sister group. Notably, this position of Polychromophilus received
high support in all of our analyses and was also recovered using a
combined dataset, which includes the genes and taxa from
Martinsen et al. (2008) and Schaer et al. (2013) and the present
study. Considering the different life cycle of Polychromophilus,
which undergoes schizogony in endothelial cells but not in
infected red blood cells, its placement outside of the Plasmodium
clade appears plausible. This relationship further indicates that
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blood schizogony was not lost during the evolution of Polychro-
mophilus, but rather evolved in the lineage leading to Plasmodium.

Parasites of the other bat-infecting genera, i.e. Hepatocystis and
Nycteria, also lack the ability for blood schizogony, but like Plas-
modium species use liver cells for schizogony instead of endothelial
cells. While Hepatocystis and Nycteria are missing from the nuclear
datasets, there is support from the analysis of the combined data-
set for a placement of both taxa within Plasmodium (Fig. 3). Similar
to the results of Schaer et al. (2013), Hepatocystis was found nested
within the clade of mammal-infecting Plasmodium species, and
Nycteria was recovered as the sister group of this clade. However,
the support values for these positions are poor, which is most likely
due to the large amount of missing data for both taxa.

An additional analysis of the combined dataset without the
nuclear data of the current study recovered Polychromophilus as
the sister group of a clade comprising Nycteria, Hepatocystis and
the mammalian Plasmodium parasites (Supplemental Fig. S14) as
reported by Schaer et al. (2013). The fact that the addition of the
21 nuclear genes resulted in a phylogeny that is congruent with
the results from the nuclear-only datasets shows that the nuclear
markers provide a solid backbone for combined phylogenetic anal-
yses, even when nuclear data is only available for a limited subset
of taxa.

Even though previous phylogenetic studies based on molecular
data have consistently placed Hepatocystis, Polychromophilus and
Nycteria within the clade of Plasmodium species (Escalante et al.,
1998; Perkins and Schall, 2002; Schaer et al., 2013, 2015), the
authors were reluctant to call for a revision of the genus Plasmod-
ium to include these parasites. Considering the striking differences
in the life cycle and morphology, we agree that it is preferable to
proceed with caution until more nuclear sequence data become
available for these haemosporidian groups.

4.4. Relationships among Plasmodium lineages

Within Plasmodium, we found that the sauropsid parasites
diverged first, thus uniting all mammalian Plasmodium species in
a single clade. This topology is in contrast to the study of Pick
et al. (2011), which was based on all available fully sequenced Plas-
modium genomes and which found the Laverania (represented by
P. falciparum and P. reichenowi) to be most closely related to the
avian parasite P. gallinaceum, rendering the mammalian Plasmod-
ium species paraphyletic. In a recent review of the history of
haemosporidian systematics, Perkins (2014) argued that this
topology might be a result of the incomplete taxon sampling of
the study, which was limited to one avian and seven mammalian
Plasmodium species because no nuclear genomes of other haemo-
sporidian lineages were available. To test whether the difference
in topology between Pick et al. (2011) and the present study is
due to the improved taxon sampling or the reduced number of
genes used in our analysis (21 gene fragments vs. 218 full length
genes), a phylogenetic analysis of the 21-gene dataset was con-
ducted under the limited taxon sampling of Pick et al. (2011). This
analysis recovered the original phylogeny with a sister group rela-
tionship of Laverania and P. gallinaceum (Supplemental Fig. S14),
indicating that the difference in tree topology is indeed due to
the inclusion of additional haemosporidian lineages.

All other human malaria parasites (P. ovale, P. malariae, P. know-
lesi and P. vivax) were recovered in a common clade with the pri-
mate Plasmodium species P. inui and P. cynomolgi. A clade
comprising all primate Plasmodium species except P. falciparum
and its closely related ape-infecting relatives (i.e. Laverania) was
already proposed based on morphology (Garnham, 1964), and
has subsequently been corroborated by phylogenetic analyses of
genetic data (e.g., Escalante et al., 1995; Perkins and Schall, 2002).

4.5. The effect of data and model selection

Several studies have shown that the choice of outgroup can
have a profound impact on tree topology (e.g. Milinkovitch and
Lyons-Weiler, 1998; Holland et al., 2003). Martinsen et al. (2008)
did not include non-haemosporidian taxa in their dataset and
decided to use Leucocytozoon as outgroup instead because they
considered the gene sequences of the other apicomplexan para-
sites to be too divergent. In our analyses, the choice of outgroup
did not have an effect on the phylogeny of the ingroup (Supple-
mental Figs. S9-S11). An outgroup-free analysis also resulted in
the same topology (Supplemental Fig. S12). These findings indicate
that - at least for our dataset of 21 nuclear genes - the apicom-
plexan relatives of Haemosporida represent viable outgroup taxa.

As the analysis of the dataset with reduced missing data yielded
congruent results, but was also unable to resolve the positions of
Haemoproteus and Parahaemoproteus, we conclude that our inabil-
ity to resolve this issue is most likely due to insufficient taxon sam-
pling. Davalos and Perkins (2008) evaluated the performance of
different models of sequence evolution in recovering phylogenetic
relationships among Plasmodium parasites employing genomic
data. The authors found that the removal of the third codon posi-
tion improved tree resolution in analyses based on nucleotide
models, but also concluded that nucleotide models were generally
outperformed by codon and protein models, which were less sen-
sitive to taxon sampling. This conclusion is in line with the results
of our ML analyses, in which the tree based on nucleotide data had
the lowest overall support, and the inclusion of the third codon
position reduced the resolution of the tree even further (data not
shown). Davalos and Perkins (2008) advocated including genes
from as many species as possible because incomplete taxon sam-
pling can have a profound effect on tree topology. In our analyses,
the improved taxon sampling compared to Pick et al. (2011) indeed
strongly affected the internal phylogeny of Plasmodium, while the
dataset was robust to the application of different models of evolu-
tion (Fig. 1). However, despite the significant improvements in
taxon sampling, the present dataset represents only a fraction of
the true diversity of Haemosporida. The addition of more species
from the already included genera as well as from the lineages miss-
ing in this study, such as the bat parasites Hepatocystis and Nycteria
or the hemoproteid parasites of non-avian sauropsids, will be
required to improve our understanding of the evolutionary history
of Haemosporida.

4.6. Perspectives of haemosporidian phylogeny

Advancement of our understanding of the haemosporidian phy-
logeny can only be achieved by improving both taxon and gene
sampling of the datasets used for phylogenetic inference. Consider-
ing the huge number of haemosporidian lineages and taking into
account the challenges involved in sequencing nuclear genomes
of sauropsid blood parasites, we expect PCR based approaches to
be used in order to solve questions on haemosporidian phylogeny
for some time to come. Perkins (2014) called the development of a
larger number of molecular markers “the greatest challenge con-
fronting workers who are interested in the systematics of the Hae-
mosporida”. This is primarily due to two factors. As full genomes
are only available for (mostly mammalian) Plasmodium species,
the design of primers that are capable of amplifying gene frag-
ments from other haemosporidian lineages relies on a restricted
database. Further complicating the matter for PCR-based
approaches - but even more so for full genome sequencing projects
- is the fact that birds and reptiles have nucleated red blood cells,
causing high amounts of contamination by host DNA in the sam-
ples. By carefully optimizing primer design parameters and PCR
protocols, we were able to obtain a much higher number of genes
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than used in previous studies. However, due to the challenges
described above, some of our samples have a relatively high
amount of missing data in the final alignment and our inability
to reliably resolve the phylogenetic position of Haemoproteus
columbae might be attributed to that. Once full genomes of
Haemoproteus and other haemosporidian genera become available,
it will be possible to significantly increase the gene coverage of this
dataset and expand the amount of target genes by designing
genus-specific primers.
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The monophyly of Ecdysozoa, which comprise molting phyla, has received strong support from several
lines of evidence. However, the internal relationships of Ecdysozoa are still contended. We generated
expressed sequence tags from a priapulid (penis worm), a kinorhynch (mud dragon), a tardigrade (water
bear) and five chelicerate taxa by 454 transcriptome sequencing. A multigene alignment was assembled
from 63 taxa, which comprised after matrix optimization 24,249 amino acid positions with high data
density (2.6% gaps, 19.1% missing data). Phylogenetic analyses employing various models support the
monophyly of Ecdysozoa. A clade combining Priapulida and Kinorhyncha (i.e. Scalidophora) was
recovered as the earliest branch among Ecdysozoa. We conclude that Cycloneuralia, a taxon erected to
combine Priapulida, Kinorhyncha and Nematoda (and others), are paraphyletic. Rather Arthropoda
(including Onychophora) are allied with Nematoda and Tardigrada. Within Arthropoda, we found strong
support for most clades, including monophyletic Mandibulata and Pancrustacea. The phylogeny within
the Euchelicerata remained largely unresolved. There is conflicting evidence on the position of
tardigrades: While Bayesian and maximum likelihood analyses of only slowly evolving genes recovered
Tardigrada as a sister group to Arthropoda, analyses of the full data set, and of subsets containing genes
evolving at fast and intermediate rates identified a clade of Tardigrada and Nematoda. Notably, the latter
topology is also supported by the analyses of indel patterns.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The phylogenetic relationships of animal phyla are one of the
most hotly debated topics of zoology. Resolving early evolutionary
events also has fundamental impact on the understanding of animal
biology. Based on phylogenetic analyses of rRNA sequences,
Aguinaldo and colleagues (Aguinaldo et al., 1997) defined the
superphylum “Ecdysozoa”, which comprises the molting phyla
Arthropoda, Onychophora (velvet worms), Tardigrada (water
bears), Nematoda (roundworms), Nematomorpha (horsehair
worms), Priapulida (penis worms), Kinorhyncha (mud dragons)
and Loricifera. Ecdysozoa include the most species-rich animal phy-
lum (Arthropoda) and thus outnumber the other protostome super-
phylum (Lophotrochozoa) and the Deuterostomia (Telford et al.,
2008). In addition to the process of molting of the three-layered

Abbreviations: EST, expressed sequence tag; ML, maximum likelihood; mya,
million years ago; SIC, simple indel coding.
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cuticle, which is controlled by ecdysteroid hormones, Ecdysozoa
share only few other morphological characters (“synapomor-
phies”), including the lack of ciliated epithelia and the absence of
spiral cleavage (Giribet and Ribera, 1998; Schmidt-Rhaesa et al.,
1998; Telford et al., 2008, 2009). The “Ecdysozoa” hypothesis is at
odds with the more “traditional” animal systematics, which holds
the view of a close relationship of panarthropods (Arthropoda plus
Onychophora and Tardigrada) and annelids (which are now
regarded as members of the superphylum “Lophotrochozoa”), and
a common origin of animals with a coelomate body cavity
(Westheide and Rieger, 1996; Brusca and Brusca, 2003).

The monophyly of Ecdysozoa has received support from molec-
ular phylogenetic studies using selected genes (Mallatt et al., 2004;
Webster et al., 2006; Bourlat et al., 2008; Dunn et al., 2008; Telford
et al,, 2008; Hejnol et al., 2009). Still, several approaches that
applied large datasets deriving from whole genomes suggested that
Drosophila melanogaster (Arthropoda) is closer related to humans
than to Caenorhabditis elegans (Nematoda), thereby supporting the
Coelomata concept (Blair et al., 2002; Wolf et al., 2004; Philip
et al., 2005; Ciccarelli et al., 2006; Rogozin et al., 2007). However,
others have argued that this topology was the result of long branch
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attraction (LBA), which positions e.g. the nematode C. elegans close
to the root (Copley et al., 2004; Irimia et al., 2007). In fact, inclusion
of additional taxa, a procedure that tends to reduce the effect of LBA
on phylogenetic tree reconstruction, consistently recovered
Ecdysozoa (Philippe et al., 2005; Webster et al., 2006; Roeding
et al, 2007; Dunn et al., 2008; Lartillot and Philippe, 2008;
Meusemann et al., 2010; Campbell et al., 2011).

While the Ecdysozoa concept has become widely accepted, the
relationships within the Ecdysozoa are not well resolved (for
review, see: Telford et al., 2008, 2009; Schmidt-Rhaesa, 2013).
There is general agreement that Arthropoda and Onychophora
are closely related phyla (Westheide and Rieger, 1996; Brusca
and Brusca, 2003) and that Nematomorpha are associated with
Nematoda (Nielsen, 1995; Dunn et al., 2008; Telford et al., 2008;
Schmidt-Rhaesa, 2013). Otherwise, ecdysozoan relationships are
disputed. For example, tardigrades have been traditionally consid-
ered to be allied with Arthropoda (Westheide and Rieger, 1996;
Brusca and Brusca, 2003), a topology that is tentatively supported
by a shared microRNA (Campbell et al., 2011), shared structures of
the nervous system (Mayer et al., 2013) and engrailed expression
patterns (Gabriel and Goldstein, 2007). Molecular studies using
large-scale sequence alignments suggested that tardigrades may
be more closely related to Nematoda (Giribet, 2003; Roeding
et al., 2007; Lartillot and Philippe, 2008; Meusemann et al.,
2010), although this topology may also be attributed to long-
branch attraction (Rota-Stabelli et al., 2011). The worm-like
ecdysozoan phyla (i.e., Nematoda, Nematomorpha, Priapulida, Kin-
orhyncha and Loricifera) have been referred to as “Cycloneuralia”
(Schmidt-Rhaesa, 2013). This classification is at odds with studies
that e.g. found the priapulids as sister taxon of all other Ecdysozoa
(Webster et al., 2006; Lartillot and Philippe, 2008).

The poor resolution of ecdysozoan relationships is most likely
due to the lack of data from important taxa. Because of their enor-
mous biological, ecological and biomedical importance, a huge
amount of sequences has been generated from Arthropoda and
Nematoda, whereas the other ecdysozoan phyla are considerably
undersampled. While the sequencing of specifically selected genes
for molecular phylogenetic purposes is a tedious procedure that
usually leads to short multiple sequence alignments, more recent
molecular phylogenetic studies mostly rely on expressed sequence
tags (ESTs). We approach to resolve the relationships among
Ecdysozoa by obtaining transcriptomes of key taxa employing next
generation sequencing. In addition to the phylogenetic approach
based on multigene alignments, we traced the evolution of Ecdyso-
zoa by analyzing indel patterns.

2. Materials and methods
2.1. Species collection and RNA isolation

New transcriptome data from eight ecdysozoan species were
generated (see also Supplemental Table S1). Specimens of five
chelicerates were used in this study: Gluvia dorsalis (Solifugae), Mas-
tigoproctus giganteus (Uropygi), Euphrynichus bacillifer (Amblypygi),
Phalangium opilio (Opiliones), Chelifer cancroides (Pseudoscorpiones).
Additionally, transcriptomes of the tardigrade Echiniscus testudo
(Echiniscoidea), the priapulid Halicryptus spinulosus (Hali-
cryptomorphida) and the kinorhynch Pycnophyes kielensis (Homalo-
rhagida) were sequenced. Total RNA of each species was extracted
according to Holmes and Bonner (Holmes and Bonner, 1973).

2.2. Transcriptome sequencing

cDNA libraries were constructed using a modified template-
switching (SMART) procedure (Mint-Universal cDNA synthesis

kit, Evrogen, Russia) and sequenced with the 454 GS FLX Titanium
chemistry (Roche). Each cDNA library was sequenced in a half
PicoTiterPlate (Roche) according to the manufacturer’s protocol.
Transcriptome sequencing of G. dorsalis, M. giganteus, E bacillifer,
P. opilio, C. cancroides and H. spinulosus was carried out at the
Max Planck Institute for Molecular Genetics, Berlin, Germany.
The transcriptomes of E. testudo and P. kielensis were sequenced
by LGC Genomics GmBH (Berlin, Germany). Vector-clipping, trim-
ming and quality checking of raw sequence reads and assembly
into contigs were performed at the Center for Integrative Bioinfor-
matics (CIBIV), Vienna, Austria. The transcriptomes were checked
for possible contaminations with various BLAST-based approaches
by cross-comparisons and searches with known protein sequences.
Raw data have been deposited in the NCBI Sequence Read Archive
(SRA) and assembled contig sequences are available from the Tran-
scriptome Sequences Database (TSA) (BioProject IDs PRJNA236247,
PRJNA236248, PRJNA236250, PRJNA236252, PRJNA236253,
PRJNA236410, PRJNA236410, PRJNA258412).

2.3. Taxon sampling and orthology assignment

In addition to the assemblies of the six ecdysozoan species, gene
predictions of all ecdysozoan genome projects were added to the
dataset and transcriptome data of all ecdysozoan species which
contained more than 1000 contigs were obtained from the Deep
Metazoan Phylogeny (DMP) database (http://www.deep-phylog-
eny.org/). If more than two species from the same order fulfilled
these criteria, only the top two species were selected. The resulting
dataset comprises 63 species: 50 ecdysozoans, nine other protost-
omes and four deuterostomes.

Orthology assignment was performed employing the HaMStR
pipeline (Ebersberger et al., 2009); http://sourceforge.net/pro-
jects/hamstr). A reference set of 1253 orthologous sequence clus-
ters was used in the analysis, which is based on the proteomes of
seven primer taxa: Apis melifera, Caenorhabditis elegans, Capitella
capitata, Daphnia pulex, Helobdella robusta, Lottia gigantea and
Schistosoma mansoni (http://www.deep-phylogeny.org). HaMStR
was run with the -strict option using sequentially all seven primer
taxa as reference species for the reverse BLAST search. A candidate
sequence was only then accepted as an ortholog if it obtained the
corresponding reference protein as best hit in all seven BLAST
searches.

2.4. Multiple sequence alignments and generation of datasets

Each group of orthologous proteins was aligned individually
using MAFFT L-INS-i v7.013 (Katoh and Standley, 2013). Trailing
and leading gaps were coded as missing data in each gene align-
ment. Poorly aligned sections were eliminated by Gblocks v0.91b
(settings: —b2 =41 [65% of the number of sequences] —b3 =10
—b4 =5 —b5=a; Talavera and Castresana, 2007). Alignments of
orthologous proteins with less than 50% taxon coverage were
removed from the dataset. Finally, the individual alignments were
concatenated into a single supermatrix.

In an additional approach, the dataset was divided into three
partitions based on the average substitution rate of each gene. To
avoid skewed results due to missing data, only the taxa for which
sequence data from all genes was available were used for the
assessment of substitution rates (A. melifera, C. elegans, C. capitata,
D. pulex, H. robusta, L. gigantea and S. mansoni). The substitution
rates were calculated as the average sum of pairwise scores of all
positions in the alignment according to a PAM150 matrix. Positions
with gaps were ignored. The individual alignments were concate-
nated into three subsets (slow, intermediate and fast), processed
with Gblocks and used for tree reconstruction as described.
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We further created three datasets by successively removing the
alignment positions with the highest evolutionary rates. For this
approach, the cumulative Parsimony score (P-score) was calculated
for each site using PAUP (Swofford, 2003). To exclude biased
results due to missing data, again only the taxa for which sequence
data from all genes was available were used for the calculation of
P-scores and positions that contain missing data in these taxa were
excluded from the analysis.

To assess the effect of long-branch taxa on the tree topology, the
LB (long branch) scores for all taxa were calculated based on the
full multiple sequence alignment using TreSpEx (Struck, 2014).
An additional dataset was created after the deletion of the taxa
with the highest LB scores (Schistosoma mansoni, Caenorhabditis
elegans, Meloidogyne hapla, Echiniscus testudo, Trichinella spiralis
and Haemonchus contortus).

2.5. Character coding of indels

The unreduced dataset was used to create a presence/absence
matrix based on simple indel coding (SIC; Simmons and
Ochoterena, 2000). In SIC, all gaps that have different 5’ and/or 3’
termini are coded as separate presence/absence characters. If a
gap from one sequence completely overlaps a gap in another
sequence (i.e., extending to or beyond both the 5‘ and 3‘ termini
of the gap), it is coded as missing data for the smaller gap. To
remove artificial indels in unreliably aligned regions, the degree
of conservation in the positions flanking each indel was analyzed.
Taxa that were coded as missing data for a particular indel were
ignored in the scoring of flanking positions. The sum of pairs scores
for the ten amino acid positions leading up to and trailing each
indel were calculated according to a BLOSUMG62 matrix (gaps were
scored as —4). Indels with a negative score in at least one of the
flanking regions were removed from the dataset. The implementa-
tion of SIC and the analysis of flanking regions were performed
using a custom Ruby script (Supplemental Information S1).

2.6. Phylogenetic analyses

Phylogenetic trees based on the amino acid dataset were calcu-
lated using RAXML 7.2.8 (Stamatakis, 2006) for Maximum Likelihood
(ML) analyses and PhyloBayes3.3f (Lartillot et al., 2009) for Bayesian
inference. All phylogenetic analyses were performed on the HPC
Linux cluster of the Regionales Rechenzentrum (RRZ), University of
Hamburg. The trees were rooted with four deuterostome taxa as
outgroup (Ciona intestinalis, Branchiostoma floridae, Gallus gallus,
Homo sapiens). According to fitting estimates derived from ProtTest
(Abascal et al., 2005), ML trees were inferred using the LG amino acid
substitution matrix (Le and Gascuel, 2008) modeling rates across
sites with a I" distribution. Bootstrap support was calculated from
1000 replicates applying the rapid hill-climbing algorithm.

Bayesian tree inference was performed assuming the CAT and
CAT-GTR mixture models (Lartillot and Philippe, 2004). For both
models, 16 chains were run again modeling substitution rate het-
erogeneity across sites with four discrete I' categories. Sampling
was performed every 10th cycle and the chains were stopped after
20,000 cycles for the CAT model and 10,000 cycles for the CAT-GTR
model due to the high computational complexity of these calcula-
tions. The first 50% of samples were discarded as burn-in and the
discrepancy among chains was determined by comparison of
bipartitions from all possible multiple chain combinations with
the bpcomp tool. The harmonic mean of the likelihood values was
calculated for each chain. A majority rule consensus tree was
inferred from the best combination of at least 3 chains (maxdiff
value <€0.2).

The indel based dataset was analyzed employing maximum
parsimony and Bayesian inference. Parsimony analysis was based

on the Wagner parsimony criterion using the program TNT (avail-
able at http://www.zmuc.dk/public/phylogeny/tnt; Goloboff et al.,
2008). A heuristic search on 10,000 replicates was performed with
the tree bisection and reconnection (TBR) branch-swapping
algorithm. Bayesian inference was performed following the same
protocol as described for the amino acid dataset. For both CAT
and CAT-GTR, 20,000 cycles were computed by Phylobayes3.3f.

3. Results
3.1. Transcriptome sequencing and assembly

To increase the sequence data coverage of ecdysozoan taxa, we
generated novel transcriptomes from five chelicerate species (G.
dorsalis, M. giganteus, E. bacillifer, P. opilio, C. cancroides), a priapulid
(H. spinulosus), a kinorhynch (P. kielensis) and a tardigrade (E. tes-
tudo) (Table 1). 454 sequencing runs produced 422,797-481,905
reads (between 119 and 198 Mb per species). Sequence assembly
produced 20,769-59,029 contigs, which were used in subsequent
analyses.

Additional sequences from selected metazoan genomes and
transcriptomes were obtained from the public databases, resulting
in a dataset of 63 species, which included 50 ecdysozoan species,
nine other protostomes and four deuterostomes (Supplemental
Table S2). This initial dataset encompassed 1253 genes, resulting
in a super alignment of 951,716 amino acid positions, which had
6.2% gaps and 71.3% missing data. To minimize the possible effect
of missing data, we first removed genes with less than 50% taxon
coverage and masked the alignment with Gblocks. These proce-
dures reduced the amino acid dataset to 189 genes with 24,249
positions, which markedly increased data density (only 2.6% gaps,
19.1% missing data).

3.2. Molecular phylogenomic analyses of Ecdysozoa

Phylogenetic analyses for the amino acid dataset were con-
ducted using maximum likelihood (ML) (Supplemental Fig. S1)
and Bayesian inference. Two independent Bayesian analyses were
run under the CAT + I" (Supplemental Fig. S2) and the CAT-GTR + T
(Fig. 1) mixture models. In all analyses, we received strong support
for the monophyly of Ecdysozoa, which were consistently recov-
ered as sister group of monophyletic Lophotrochozoa (including
the trematode Schistosoma mansoni). The clade comprising Priapul-
ida and Kinorhyncha branched off first within Ecdysozoa. Nema-
toda and Tardigrada formed a common clade and were sister
group of Arthropoda. Within the arthropods, we found support
for monophyletic Mandibulata (i.e., Myriapoda, Crustacea and
Hexapoda) and Pancrustacea (i.e., Hexapoda nested within para-
phyletic Crustacea). Branchiopoda (Daphnia pulex and Artemia fran-
ciscana) were the crustacean taxon closest to the monophyletic
Hexapoda.

The topology within the subphylum Chelicerata was only poorly
resolved, although the monophyly of Euchelicerata, Araneae (true
spiders) and Tetrapulmonata (Araneae +(Amblypygi [whip
spiders] + Uropygi [whip scorpions])) was recovered with high
support in all trees. Otherwise, the relationships remained ambig-
uous. Notably, in none of our analyses we recovered monophyletic
Arachnida. Within the myriapods, Symphyla (garden centipedes)
were the sister taxon of Chilopoda (centipedes) and Diplopoda
(millipedes).

3.3. Effect of the evolution rate on tree topologies

We assessed the effect of evolutionary rates on tree topology by
subdividing the full dataset into subsets based on the average
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Table 1
Sequencing and assembly of ESTs.
Gluvia Mastigoproctus Euphrynichus Phalangium Chelifer Echiniscus Halicryptus Pycnophyes
dorsalis giganteus bacillifer opilio cancroides testudo spinulosus kielensis
Reads 426,219 481,905 433,348 474,081 443,697 439,708 422,797 454,711
Mean read length 353 293 275 319 321 421 355 435
Unigene contigs 41,872 44,605 31,233 40,817 28,707 20,769 26,335 59,029
HaMStr orthologs 466 447 364 556 313 606 405 349

substitution rate of each gene. Each subset comprised 63 genes.
Dataset 1, which included the slowly evolving proteins, covered
8017 amino acid positions, dataset 2 comprised the proteins that
evolved at an intermediate rate (8530 positions), and dataset 3
with the fast evolving genes (7702 positions). In Bayesian phyloge-
netic analyses, all three datasets recovered monophyletic Ecdyso-
zoa, monophyletic Arthropoda and support a sister group
relationship of Priapulida and Kinorhyncha (Fig. 2). The ML trees
agree with this (Supplemental Fig. S3), with the exception that in
the dataset of proteins evolving at an intermediate speed, S. man-
soni (Platyhelminthes) was found associated with the nematodes.
Conflicting results were obtained for the positions of the Tardigra-
da and the monophyly of Mandibulata. The tree resulting from the
slowly evolving proteins (Fig. 2B) had several poorly supported
nodes. It showed the Tardigrada as sister group of Arthrop-
oda + Onychophora, albeit with only 0.80 posterior probability. In
all other trees, a sister group relationship of Tardigrada and Nem-
atoda was recovered with maximum support. The position of the
Myriapoda was affected as: While the fast evolving genes recov-
ered Myriochelata (Myriapoda + Chelicerata; 0.91 posterior proba-
bility), the other analyses found Mandibulata (Myriapoda +
Pancrustacea) with maximum support.

In an additional approach to assess the effect of evolutionary
rates, we successively removed the alignment positions with the
highest substitution rates. After removal of all sites with a P-
score > 4, the dataset comprised 21,923 amino-acid positions, fur-
ther removal of sites with a P-score >3 and >2 resulted in datasets
of 20,282 and 17,707 positions, respectively. ML analyses of all
three reduced datasets generally resulted in the same topology
that was recovered in the analysis of the full datasets (Supplemen-
tal Fig. S4). However, the tree that based on the most conserved
positions favored Myriochelata over Mandibulata and found Platy-
helminthes associated with Nematoda (Supplemental Fig. S4C). On
the other hand, removal of the sequence positions 100% conserved
among the reference taxa, resulted in a tree identical with that
based on all positions (Supplemental Fig. S4D).

Deletion of the six taxa with the highest LB score, which is
indicative for long branches, did not have an effect on the overall
tree topology (Supplemental Fig. S5). However, we observed signif-
icantly increased bootstrap support values for several deep-level
splits, i.e. high support for a basal position of Scalidophora (Pria-
pulida + Kinorhyncha) within Ecdysozoa, maximum support for
monophyletic Lophotrochozoa and for a sister group relationship
between Nematoda and Tardigrada. Furthermore, specific removal
of the comparably fast evolving tardigrade E. testudo did not
change tree topology (Supplemental Fig. S6).

3.4. Application of character-coding for phylogenetic tree
reconstructions

Additional analyses employing a different type of data were
performed using a presence/absence matrix based on simple indel
coding (SIC), which was generated from the unreduced super align-
ment. The dataset comprised 29,829 indel characters (69.4% miss-
ing data). The results of the maximum parsimony analysis of the

characters were discarded because ten trees were found to be
equally parsimonious and a strict consensus of these trees pro-
duced a phylogeny that was unresolved in nearly all deep-level
splits. Bayesian analyses were performed assuming the CAT-
GTR + I model (Supplemental Fig. S7). Because an initial analysis
showed that the priapulids destabilized the tree inference, Priapu-
lus caudatus and H. spinulosus were identified as “rogue taxa” and
were therefore removed from the indel dataset. The Bayesian sup-
port values of this analysis were projected onto a tree derived from
Bayesian inference of the amino acid dataset after removal of the
priapulids (Fig. 3). While the phylogenetic relationships within
the four euarthropod subphyla remain poorly resolved, most
deep-level phylogenetic splits agree with the results of the
amino-acid dataset. With the exception of Kinorhyncha, which
associated weakly with Lophotrochozoa, the backbone of the
Bayesian tree derived from the indel dataset resembles that calcu-
lated from the amino acid sequences. We found strong support for
monophyletic Arthropoda, Euarthropoda, Chelicerata, Myriapoda,
Pancrustacea and Insecta (Ectognatha). Hexapods were not recov-
ered as a monophyletic clade because the collembolan Folsomia
candida associated with the branchiopod crustaceans. Notably,
the clade comprising of Tardigrada and Nematoda received maxi-
mum support.

4. Discussion

The Ecdysozoa concept (Aguinaldo et al., 1997) has revolution-
ized our understanding of animal evolution. For example, the rejec-
tion of the monophyly of coelomate animals accompanied by the
alternative hypothesis of a close relationship of the model organ-
isms D. melanogaster and C. elegans has weakened many biological
hypotheses, e.g. on animal development, that rely on an outgroup
position of Nematoda. Although there is still no universal accep-
tance of the Ecdysozoa concept (see introduction), most recent
morphological and molecular phylogenetic studies support the
monophyly of this taxon.

4.1. Data matter

Our phylogenomic analyses provide strong support for the
monophyly of Ecdysozoa and also help to resolve the evolution
within this taxon. We paid particular attention to the reduction
of the amount of missing data, which might skew the results.
Although our dataset included only 19.1% missing data (plus 2.6%
gaps) it covers 24,249 well-defined amino acid positions. To the
best of our knowledge, previous phylogenomic studies either
included fewer positions and/or had more missing data (Dunn
et al, 2008; Meusemann et al., 2010; Regier et al., 2010;
Campbell et al., 2011; Rota-Stabelli et al., 2013).

There is some inconsistency in the interpretation of the rela-
tionships within Ecdysozoa. The two most prominent conflicts con-
cern the phylogenetic positions of Tardigrada (see Section 4.3. for a
detailed discussion) and Myriapoda (Hwang et al., 2001; Mallatt
et al., 2004; Pisani et al.,, 2004; Dunn et al., 2008; Meusemann
et al., 2010; Regier et al., 2010; Brewer and Bond, 2013; Rehm
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et al., 2014). This uncertainty is perfectly mirrored in our results
and can be explained by the application of datasets with different
evolution rates (Fig. 2). We are not in the position to finally resolve
these two issues, but certainly the inclusion of a large amount of
data should increase reliability of the phylogenetic reconstructions
by enhancing the signal to noise ratio (Hillis and Huelsenbeck,
1992). Moreover, given the consistency of morphological consider-
ations and recent phylogenetic analyses (Regier et al., 2010; Rota-
Stabelli et al., 2011; Giribet and Edgecombe, 2012; Rehm et al,,
2014), including this study, the validity of Mandibulata should be
considered more likely than alternative hypotheses. The relation-
ships of the tardigrades are less clear (see below).

4.2. Monophyly of Ecdysozoa but paraphyly of Cycloneuralia

The relationships among the pseudocoelomate phyla, initially
referred to as Nemathelminthes, have been disputed for more than
50 years (for review, see Schmidt-Rhaesa, 2013). In recent studies
(Dunn et al., 2008), the worm-like nemathelminth phyla Nema-
toda, Nematomorpha, Priapulida, Kinorhyncha and Loricifera have
been united as “Cycloneuralia”, a designation that refers to the cir-
cumpharyngeal nerve-ring (Ahlrichs, 1995; Schmidt-Rhaesa,
2013). Another alleged synapomorphy of the cycloneuralian taxa
is a retractable head (introvert), which led to the proposal of the
alternative name “Introverta” (Nielsen, 1995). However, this char-
acter is disputed, not present in all taxa, and in many cases only in
larval stages (Schmidt-Rhaesa, 2013). Other phyla (Acanthoceph-
ala, Gastrotricha and Rotifera) that had initially been included in
Nemathelminthes were actually identified as members of the
lophotrochozoans (Witek et al., 2009; Rota-Stabelli et al., 2010;

Schmidt-Rhaesa, 2013; Wey-Fabrizius et al., 2013). We obtained
phylogenomic data from three of the five cycloneuralian phyla.
ESTs are in fact available from the nematomorph Spinochordodes
tellinii (Dunn et al., 2008), but the sequences had 98.6% missing
data in the initial dataset and this taxon was thus excluded (Note
that other cycloneuralians used by Dunn et al. (2008) had similarly
low coverage in our dataset). However, the sister group relation-
ship of Nematomorpha and Nematoda is undisputed and has
received significant support from both morphological and molecu-
lar studies (Nielsen, 1995; Dunn et al., 2008; Telford et al., 2008;
Schmidt-Rhaesa, 2013). These two phyla are also referred to as
“Nematoida” (Nielsen, 1995). Loriciferans, which are minute
marine sediment-dwelling animals, could not be obtained for tran-
scriptome analyses.

The inclusion of the transcriptome data from a priapulid, a kin-
orhynch and a heterotardigrade (previous sequence data were
from eutardigrades) significantly increases data and taxon cover-
age of Ecdysozoa. The phylogenetic trees agree that Cycloneuralia
are associated with Arthropoda, Onychophora and Tardigrada,
thereby supporting monophyletic Ecdysozoa. While e.g. Dunn
et al. (2008) recovered monophyletic Cycloneuralia (including
Tardigrada; see below) as sister group of a common clade of
Arthropoda + Onychophora, our analyses suggest that the cyclone-
uralians are a paraphyletic assemblage (Figs. 1-3). A common clade
of Priapulida and Kinorhyncha, which received consistent support
in all of our analyses based on amino acid data, was recovered in a
basal position within Ecdysozoa. A close relationship of Priapulida
and Kinorhyncha has repeatedly been proposed and the name
Scalidophora (a taxon that also includes Loricifera) has been pro-
posed, which refers to the spines (scalids) covering the introvert.
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Notably, the basal position of Scalidophora and thus the paraphyly
of Cycloneuralia has already been suggested on the basis of rRNA
(Garey, 2001; Mallatt et al., 2012) and by recent multigene
approaches (Campbell et al., 2011; Rota-Stabelli et al., 2013).

4.3. Nematoda and the conflicting evidence for the relationships of
water bears

In most early studies, the nematodes were exclusively repre-
sented by C. elegans, for which genomic data was already available.
However, C. elegans (along with several other nematodes) is a long
branching taxon, which has accumulated many substitutions in its
genome (Dopazo and Dopazo, 2005). Therefore, its position tended
to be close to the root of Metazoa. The inclusion of more slowly
evolving taxa robustly resolved the nematodes (possibly together
with the tardigrades; see below) as sister taxon of Panarthropoda
(Figs. 1-3)(see also Campbell et al., 2011; Rota-Stabelli et al., 2013).

There is surprisingly little agreement in the literature on the
position of Tardigrada (water bears). Based on arthropod-like char-
acters such as the segmented body, the presence of a peritrophic
membrane, limbs, and a ladder-like central nervous system, Tardi-
grada have been considered by most textbooks as closely related to
Arthropoda (Westheide and Rieger, 1996; Brusca and Brusca,
2003). The arthropod affinities of tardigrades received support
from comparative developmental studies (Gabriel and Goldstein,
2007). However, tardigrades also share characters with Cyclone-
uralia, including similarities of the mouth, pharynx, cuticle and
some sensory organs (Giribet, 2003). Molecular studies gave con-
flicting results either supporting an arthropod affiliation of tardi-
grades (Garey, 2001; Mallatt et al., 2004; Campbell et al., 2011;
Rota-Stabelli et al., 2011) or suggesting their association with nem-

atodes (Giribet, 2003; Roeding et al., 2007; Lartillot and Philippe,
2008; Meusemann et al., 2010). This conflict is also mirrored by
our results (Fig. 2). Employing only slowly evolving proteins, we
recovered the tardigrades as sister clade to the arthropods (includ-
ing Onychophora), but the support was comparably low (0.80
Bayesian posterior probability). In fact, Campbell and colleagues
(2011) suggested that the nematode affinity of tardigrades may
be the result of LBA, an effect that can be minimized by using
slowly evolving sequences. However, we recovered a close rela-
tionship of tardigrades and nematodes with maximum support in
all other analyses employing either the full dataset (Fig. 1) or the
datasets including proteins that evolve at an intermediate or fast
rate (Fig. 2). The topology also remained unaffected when fast
evolving positions (Supplemental Fig. S4) or taxa (Supplemental
Fig. S5) were excluded. Thus there is no clear indication that LBA
plays a major role in our analyses. The indel dataset, which pro-
vides a largely independent approach, also recovered a clade of
Nematoda and Tardigrada (Fig. 3). Notably, neither this nor any
other phylogenomic study (Campbell et al., 2011; Rota-Stabelli
et al., 2011) found a sister group relationship of Tardigrada and
Euarthopoda (Arthropoda excluding Onychophora). Thus, the
“Tactopoda” hypothesis (Budd, 2001) was rejected.

Although none of our datasets or analysis methods significantly
support a close relationship of Tardigrada and Arthropoda to the
exclusion of Nematoda, we must point out that neither the multi-
ple sequence alignment (Campbell et al., 2011) nor indel dataset
(Telford and Copley, 2011) are safe from disturbing effects such
as LBA, which may not be identified with our methods. Given the
conflicting evidence in the literature, the phylogenetic affinities
of Tardigrada must still be considered as unresolved. If a sister
group relationship of Tardigrada and Nematoda (or, probably, Tar-
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digrada + “Nematoida” sensu Nielsen) is eventually confirmed,
there are two possible explanations for the morphology of tardi-
grades: either the arthropod-like characters (see above) are the
result of parallel evolution or they may actually be part of the com-
mon ground-pattern of the clade of Panarthropoda + Nematoida,
and have subsequently been lost in Nematoida.

4.4. Phylogenomics supports Mandibulata but failed to solve
chelicerate relationships

The relationships within Arthropoda have received much atten-
tion in recent years (Webster et al., 2006; Roeding et al., 2007,
2009; Dunn et al., 2008; Telford et al., 2008; Meusemann et al.,
2010; Rota-Stabelli et al., 2011). Our phylogenetic analyses agree
with current taxonomic interpretations and recovered the onycho-
phorans as sister group of the euarthropods. Notably, the suspect
placement of Myriapoda as sister group of Chelicerata was found

in the tree based on fast evolving proteins (Fig. 2D) and, surpris-
ingly, slowly evolving positions (Supplemental Fig. S4C). This find-
ing emphasizes the importance of the amount and the
completeness of the data and might explain previous results from
phylogenomic analyses using ESTs (Dunn et al., 2008; Meusemann
et al., 2010). In fact, the addition of more taxa to the datasets
resulted in monophyletic Mandibulata (i.e. Myriapoda, Crustacea,
Hexapoda) (see also Regier et al., 2010; Rota-Stabelli et al., 2011;
Rehm et al., 2014).

We observed a surprisingly poor resolution of the tree within
the euchelicerates. Notably, this problem applies to both the anal-
yses of sequence data (Fig. 1) and to tree reconstructions based on
indel patterns (Fig. 3). Initially, we hoped that the addition of five
key chelicerate taxa would improve our understanding of chelicer-
ate evolution (see also Dunlop et al., 2014). However, only the rel-
ative topology (Pycnogonida, (Xiphosura, (Opiliones, (Scorpiones,
((Amblypygi, Uropygi), Araneae))))), which is in line with current
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interpretations of chelicerate taxonomy (Dunlop et al., 2014), was
recovered with high support. Acari (mites and ticks), Pseudoscorpi-
ones and Solifugae were found essentially unresolved at the base of
the euchelicerate tree. Most trees show the Acari paraphyletic
because Acariformes and Parasitiformes do not form sister taxa
in our analyses. In none of our analyses, Arachnida were found
monophyletic because the generally accepted sister taxon (Xipho-
sura; horseshoe crabs) assumes an ingroup position. This may be in
part explained by fast evolutionary changes in Acariformes and
Solifugae that led to LBA effects (Fig. 1). Alternatively, early euche-
licerate evolution, probably accompanied by independent terres-
trialization events within this taxon, occurred in a relatively
short period of time and was thus more complex than commonly
assumed. Clearly additional sequences, particularly from poorly
covered chelicerate taxa, are required.

4.5. Applicability of indel patterns for phylogenetic reconstructions

Rare genomic changes (RGC) are considered as an alternative
and powerful tool to resolve early evolutionary events within a
phylogenetic tree, particularly in cases when sequence based stud-
ies fail (Rokas and Holland, 2000). The particular advantage of RGC
is the comparably low rate of homoplasy. RGC may refer to the
insertion of introns or retrotransposons (SINEs, LINEs), the pres-
ence of microRNA families, or the pattern of orthologous indels,
which represent information that is mostly independent from the
sequences themselves. Our analyses of the indels show modest res-
olution of the ecdysozoan tree (Fig. 3). It must be considered that
the indel dataset had a high amount of missing data (69.4%), firstly
because it derived from the large, unreduced multiple sequence
alignment and secondly because completely overlapping gaps
were treated as missing data for the smaller gap (see Materials
and Methods). Large amounts of missing data can increase the
number of equally parsimonious trees (Wilkinson, 1995), as
observed in our parsimony trees. Bayesian analysis confirmed that
the indel dataset does not contain sufficient phylogenetic signal to
infer a fully resolved tree. However, focusing on those splits which
received high support in this analysis, such as monophyletic
Arthropoda, Chelicerata, Myriapoda and Pancrustacea, there is
clearly a high level of congruence between the indel-based tree
and the trees derived from amino acid sequences. The sister group
relationship of Tardigrada and Nematoda, which is contended (see
above), is also supported in analyses of both types of data. In this
context, it should be pointed out that analyses of indel patterns
were not possible with the three subsets (slow, intermediate, fast
evolving proteins), as the subsets of the indel dataset do not con-
tain sufficient phylogenetic information, resulting in essentially
unresolved trees (data not shown). Thus, additional sequences
from taxa with poor coverage may be required.

4.6. Conclusions: Ecdysozoan origins

There is conclusive evidence from this as well as from several
other studies (Webster et al., 2006; Roeding et al., 2007; Dunn
et al, 2008; Telford et al., 2008; Meusemann et al., 2010;
Campbell et al., 2011; Rota-Stabelli et al., 2011, 2013) that Ecdyso-
zoa, Scalidophora, Arthropoda (including Onychophora, but possi-
bly not Tardigrada; see above) are monophyletic clades and thus
valid taxa. This may allow some conclusions on the appearance
of early stemline-ecdysozoans and the last common ancestor of
Ecdysozoa. Regardless of the uncertainty of the position of the
tardigrades, the basal position of Scalidophora and the sister group
relationship of Nematoida and Panarthropoda suggest that the pro-
posed cycloneuralian synapomorphies, such as the terminal
mouth, the circumpharyngeal central nervous system and (possi-
bly) the introvert may actually be plesiomorphies of Ecdysozoa

(see also Campbell et al., 2011), which have been secondarily lost
in Arthropoda. In fact, it is not difficult to imagine that the higher
degree of cephalization and the ventral position of the mouth in
Arthropoda account for the modification of the circumpharyngeal
nerve-ring and the loss of the introvert. On the other hand, charac-
ters such as segmentation, paired appendages and jointed limbs,
are arthropod autapomorphies.

Putative plesiomorphies (terminal mouth, circumpharyngeal
nerve-ring and introvert) should be considered in the search for
fossils of stemline ecdysozoans. Candidates for close relatives of
stemline ecdysozoans are the palaeoscolecids from the early
Cambrian to late Silurian period. These worm-like animals with
distinctive cuticle ornamentation resemble articulated priapulids
(Budd and Jensen, 2000; Budd, 2003; Harvey et al., 2010). It has
been argued that the interpretation of these fossils as ancestral
ecdysozoans is logical because of the lack of alternative scenarios:
kinorhynchs and loriciferans are adapted to meiofaunal ecology,
nematodes and nematomorphs are formed by their parasitic life-
style and panarthropods are shaped by articulation and the paired
appendages (Harvey et al., 2010). Our results are fully compatible
with this interpretation and suggest that morphological and
molecular interpretations of animal evolution may eventually
converge.
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Myriapods had been considered closely allied to hexapods (insects and relatives). However, analyses of
molecular sequence data have consistently placed Myriapoda either as a sister group of Pancrustacea,
comprising crustaceans and hexapods, and thereby supporting the monophyly of Mandibulata, or
retrieved Myriapoda as a sister group of Chelicerata (spiders, ticks, mites and allies). In addition, the
relationships among the four myriapod groups (Pauropoda, Symphyla, Diplopoda, Chilopoda) are unclear.
To resolve the phylogeny of myriapods and their relationship to other main arthropod groups, we col-
lected transcriptome data from the symphylan Symphylella vulgaris, the centipedes Lithobius forficatus
and Scolopendra dehaani, and the millipedes Polyxenus lagurus, Glomeris pustulata and Polydesmus angus-
tus by 454 sequencing. We concatenated a multiple sequence alignment that contained 1550 orthologous
single copy genes (1,109,847 amino acid positions) from 55 euarthropod and 14 outgroup taxa. The final
selected alignment included 181 genes and 37,425 amino acid positions from 55 taxa, with eight
myriapods and 33 other euarthropods. Bayesian analyses robustly recovered monophyletic Mandibulata,
Pancrustacea and Myriapoda. Most analyses support a sister group relationship of Symphyla in respect to
a clade comprising Chilopoda and Diplopoda. Inclusion of additional sequence data from nine myriapod
species resulted in an alignment with poor data density, but broader taxon average. With this dataset we
inferred Diplopoda + Pauropoda as closest relatives (i.e., Dignatha) and recovered monophyletic Helm-
inthomorpha. Molecular clock calculations suggest an early Cambrian emergence of Myriapoda ~513
million years ago and a late Cambrian divergence of myriapod classes. This implies a marine origin of
the myriapods and independent terrestrialization events during myriapod evolution.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

insects and relatives). Onychophora (velvet worms) and Tardigrada
(water bears) have either been included in the arthropod phylum

Arthropods are by far the most successful and species-rich
multicellular animal group, but still the relationships among major
arthropod taxa are hotly debated (for review, see e.g. Edgecombe,
2011; Giribet and Edgecombe, 2012; Giribet and Ribera, 2000;
Richter, 2002; Telford et al., 2008). Traditionally, arthropods com-
prise four subphyla: Chelicerata (spiders, ticks, mites and allies),
Myriapoda (centipedes, millipedes, symphylans and pauropods),
“Crustacea” (shrimps, crabs and others) and Hexapoda (“true”

Abbreviations: BS, bootstrap support; CIR, Cox-Ingersoll-Ross model; EST,
Expressed Sequence Tag; ML, Maximum Likelihood; mya, million years ago; PP,
Bayesian posterior probability.
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or are considered as related taxa.

Based on a number of supposedly derived morphological charac-
ters, Hexapoda were considered being closely related to Myriapoda
forming the taxon “Tracheata” or “Atelocerata” (Heymonds, 1901;
Pocock, 1893). Alleged synapomorphies that support Tracheata
include the elaborate tracheal system, Malpighian tubules as excre-
tory organs, or the loss of the second antennae (Bitsch and Bitsch,
2004). However, in the last ~15 years, a number of molecular stud-
ies have accumulated strong evidence that Hexapoda are actually
closely related to crustaceans (Boore et al., 1995; Friedrich and
Tautz, 1995; Hwang et al., 2001; Kusche and Burmester, 2001;
Meusemann et al., 2010; Regier et al., 2010; von Reumont et al.,
2012). This view has gained support from comparative morpholog-
ical studies (Harzsch et al., 2005; Ungerer and Scholtz, 2008; Zrzavy
and Stys, 1997). Several lines of evidence also suggested that
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“Crustacea” may actually be paraphyletic with respect to Hexapoda.
Initially, it had been suggested that either the malacostracan
(Garcia-Machado et al., 1999; Wilson et al., 2000) or branchiopod
crustaceans (Cook et al., 2001; Nardi et al., 2003; Regier et al.,
2005) were sister group of Hexapoda. Recently, however, the enig-
matic crustacean taxon Remipedia (possibly along with Cephaloca-
rida) was found being closely related to Hexapoda (Ertas et al.,
2009; Regier et al., 2010; von Reumont et al., 2012).

Yet, the placement of Myriapoda within the arthropod tree has
remained ambiguous. Some molecular phylogenetic studies sug-
gested the inclusion of Myriapoda along with Pancrustacea in the
clade Mandibulata (e.g., Boore et al., 1998; Giribet and Ribera,
2000; Kusche et al.,, 2002; Regier et al., 2010; Rota-Stabelli and
Telford, 2008), a taxon which has strong support by morphological
evidence. However, other molecular analyses, either applying sin-
gle- or multi-gene approaches, obtained a common clade of Myria-
poda and Chelicerata (i.e. “Myriochelata” or “Paradoxopoda”
hypothesis; e.g., Dunn et al., 2008; Hwang et al., 2001; Mallatt
et al., 2004; Pisani et al., 2004). Morphological evidence for such
a hypothesis is poor and restricted to similarities of neurogenesis
(Kadner and Stollewerk, 2004).

Almost every possible topology has been proposed for the rela-
tionships among myriapods (Edgecombe, 2011). Morphological
characters such as anteriorly placed genital openings unite Sym-
phyla, Pauropoda, and Diplopoda in a clade named “Progoneata”
(Dohle, 1980). Some morphological studies, as well as molecular
analyses of mitochondrial and rRNA sequences, support a sister
group relationship of Symphyla and Pauropoda (Dong et al.,
2012; Gai et al., 2008; Podsiadlowski et al., 2007). In fact, the phy-
logenomic study by Regier et al. (2010) recovered monophyletic
Progoneata, as well as a sister group relationship of Symphyla
and Pauropoda (Edafopoda; Zwick et al., 2012). However, studies
based on rRNA have suggested a close relationship of Sym-
phyla + Pauropoda and Chilopoda (Gai et al., 2006) or placed the
symphylans as a long branching taxon outside the myriapods
(Mallatt and Giribet, 2006; Mallatt et al., 2004).

Arthropod relationships have been mostly investigated on the
basis of single-gene analyses (e.g., Aguinaldo et al., 1997; de Rosa
et al,, 1999; Mallatt et al., 2004; Ruiz-Trillo et al., 2002) or by anal-
yses of a few specifically selected genes (e.g., Philippe et al., 2004).
Recently, Regier and colleagues (Regier et al., 2008; Regier et al.,
2010) employed 62 protein coding genes (~41 kbp per species) that
were amplified by RT-PCR to study arthropod relationships. An
alternative method is a “phylogenomic” approach, i.e., using a large
number of sequences for phylogenetic purposes (Telford, 2007) that
have been derived either from completely sequenced genomes or
from transcriptome data (“Expressed Sequence Tags”; ESTs). An
increasing number of studies offer promising perspectives demon-
strating that ESTs are well suited for phylogenetic analyses at differ-
ent taxonomic levels (Bourlat et al., 2006; Brewer and Bond, 2013;
Dunn et al.,, 2008; Philippe and Telford, 2006; Roeding et al., 2007).

Although these studies demonstrated that EST-derived multi-
gene matrices harbor sufficient phylogenetic information that
may help to resolve deep metazoan phylogeny, many questions
concerning important phylogenetic relationships within the deep
arthropod phylogeny are still unanswered. One reason may be the
lack of sequence data from crucial taxa. The present approach is
aimed at closing this gap and allowing for a better resolution among
major arthropod taxa, with particular emphasis on myriapods.

2. Materials and methods
2.1. Species collection, preservation and RNA isolation

Specimens of six myriapod species were used in this study to
generate transcriptome data: Glomeris pustulata Latreille, 1804

(Diplopoda), Polyxenus lagurus L., 1758 (Diplopoda), Polydesmus
angustus Latzel, 1884 (Diplopoda), Scolopendra dehaani Brandt,
1840 (Chilopoda), Lithobius forficatus L., 1758 (Chilopoda), and
Symphylella vulgaris Hansen, 1903 (Symphyla) (Supplemental
Table 1). Total RNA of L. forficatus, S. dehaani, P. angustus and P.
lagurus was extracted according to the method of Holmes and
Bonner (1973). Total RNA of G. pustulata and S. vulgaris was
extracted with the Absolutely RNA Microprep Kit (Stratagene/
Agilent, Waldbronn, Germany).

2.2. Transcriptome sequencing

The cDNA libraries of G. pustulata, P. lagurus, S. dehaani and S.
vulgaris were constructed at the Max Planck Institute for Molecular
Genetics, Berlin, Germany, using CloneMiner (Invitrogen, Darms-
tadt, Germany) or the SMART approach (Mint-Universal cDNA
synthesis kit, Evrogen, Russia). Libraries were normalized using
duplex-specific nuclease (Trimmer Kkit, Evrogen) according to
manufacturer’s instructions. They were directionally ligated to
self-made 454 adaptors with molecular identifier (MID) tags fol-
lowing Roche’s technical bulletin TCB 09004 introducing Sfil-sites.
The 454 libraries were then immobilized on beads and clonally
amplified using the GS FLX Titanium LV emPCR Kit (Roche, Mann-
heim, Germany), and sequenced using the GS FLX Titanium
Sequencing Kit XLR70 (Roche) and GS FLX Titanium PicoTiterPlate
Kit (Roche) according to the manufacturer’s protocol. 454 sequenc-
ing of transcriptomes of L. forficatus and P. angustus were carried
out by LGC Genomics GmBH (Berlin, Germany) according to the
same protocol, apart from omitting the cDNA library normalization
step. Raw sequence reads were processed and quality checked at
the Center for Integrative Bioinformatics (CIBIV), Vienna, Austria
(see Table 1). The transcriptomes were screened for possible con-
taminations with various BLAST-based approaches by cross-com-
parisons and searches with known protein sequences. E.g., we
performed an all-vs.-all BLAST across transcriptomes to identify
possible cross-contaminants. We also performed BLAST searches
of the transcriptome assemblies with the Drosophila melanogaster
ribosomal proteins as query. These proteins are expected to repre-
sent single copy genes and thus should give single hits in the con-
tigs. No contaminations were detected. The HaMStR procedure
described below is further expected to remove remaining contam-
inants. Finally, we identified the top hit of the myriapod sequences
included in the phylogenetic studies within the public databases
by TBLASTN. Further we tested the single gene trees employing
RAXML (see below). No suspicious sequences were detected.

Raw data have been deposited in the NCBI Sequence Read
Archive (SRA), Bioproject IDs PRJNA188160 (G. pustulata and S.
vurlgaris), PRINA222647 (P. angustus), PRINA222648 (S. dehaani),
PRJNA222654 (P. lagurus) and PRJNA198080 (Lithobius forficatus).
Assembled contigs are available at the Transcriptome Shotgun
Assembly (TSA) database.

2.3. Taxon sampling and orthology assignment

In addition to the transcriptome assemblies of six myriapod
species, we selected 63 other species for which transcriptome or
genome data were available from public databases (Supplemental
Table 2). Species with EST data were selected on the basis of the
following criteria: i. minimum 1000 contigs per species; ii. maxi-
mally two species per higher taxonomic unit; iii. three species
per outgroup taxon; iv. within winged insects, only species for
which an Official Gene Set from a full genome is available. Excep-
tions here are dipterans (flies and relatives), because the calibra-
tion of the molecular clock analyses required at least two
representatives of this order). To increase the taxonomic coverage,
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Table 1
Sequencing and assembly of myriapod ESTs.

Scolopendra dehaani Polyxenus lagurus

Lithobius forficatus

Polydesmus angustus Glomeris pustulata Symphylella vulgaris

Reads 530,968 296,808 426,071
Mean read length 368 217 399
Unigene contigs 25,577 21,937 13,235
Contigs > 1kb 184 82 897
HaMStr orthologs 584 516 183

427,639 853,317 921,312
463 245 404
8116 55,149 79,396
1441 662 2037
238 1264 1140

we added the gene fragments from the taxa sequenced by Regier
et al. (2010).

Orthology of transcripts was assigned on amino acid level with
the HaMStR pipeline (Ebersberger et al., 2009; http://www.deep-
phylogeny.org/hamstr/), version 3.v4, using ortholog set insecta-
hmmer3-2  (http://www.deep-phylogeny.org/hamstr/download/
datasets/hmmer3/). This set includes 1579 orthologous sequence
groups based on the official gene sets of six species: Apis mellifera,
Bombyx mori, Capitella capitata, Daphnia pulex, Ixodes scapularis,
Tribolium castaneum. The -strict option was applied for the best
reciprocal hit BLAST search against all reference species, with the
exception of T. castaneum.

2.4. Multiple sequence alignments

Each group of orthologous sequences was aligned individually
using the MAFFT L-INS-i algorithm v. 6.850 (Katoh and Toh,
2008) on amino acid level. Randomly similar aligned sections of
each multiple sequence alignment were identified with ALISCORE
(Kiick et al., 2010; Misof and Misof, 2009). We chose the maximal
number of pairwise sequence comparisons, default sliding window
size, and a special scoring for gappy amino acid data (see:
Meusemann et al., 2010; von Reumont et al., 2012). We discarded
poorly aligned sections with ALICUT 2.0 (http://utilities.zfmk.de).
Masked gene alignments were finally concatenated into a superm-
atrix with FASconCAT v.1.0 (Kiick and Meusemann, 2010).

To increase matrix saturation in terms of gene coverage and
information content, we applied the software mare v. 0.1.2-rc
(http://mare.zfmk.de; Misof et al., 2013). The selected optimal
subset (dataset 1) included 181 genes (37,425 amino acid posi-
tions) from 55 taxa (Supplemental Table 2). Six lophotrochozoan
taxa (three mollusks and three annelids) were used as outgroup.
To elucidate the phylogenetic relationships within Myriapoda, a
second dataset was created (dataset 2), which included sequence
data of nine additional myriapod species from Regier et al.
(2010) and only four outgroup taxa. Dataset 2 covers an alignment
length of 22,339 amino acid positions and includes 21 taxa.

2.5. Phylogenetic analyses

Phylogenetic trees were calculated using Maximum Likelihood
(ML) and Bayesian approaches. ML trees were inferred with RAXML
7.2.8-ALPHA using the CAT model of rate heterogeneity
(Stamatakis, 2006). The LG substitution matrix (Le and Gascuel,
2008) + I model was applied based on fitting estimates derived
from ModelGenerator v0.85 (Keane et al., 2006). 1000 bootstrap
replicates were performed applying the rapid hill-climbing
method. We checked a posteriori bootstopping criteria (majority
rule and majority rule extended, B=0.03 and 0.01) to ensure a
statistical convergence of bootstrap replicates. ML analyses were
computed on HPC Linux clusters at the SuGI (Sustainable Grid
Infrastructures) platform and using Cheops (Regionales
Rechenzentrum Cologne, RRZK).

Bayesian tree inference was performed with PhyloBayes3.3f
(Lartillot et al., 2009 689) assuming the CAT mixture model

(Lartillot and Philippe, 2004). We ran the discrete I model (four
categories) and the Dirichlet process on site-specific rates each
with 16 chains for 20,000 cycles. Sampling was performed every
10th cycle. Bayesian analyses were performed on the HPC Linux
cluster of the Regionales Rechenzentrum (RRZ), University of Ham-
burg. Based on the convergence of all parameters, the first 50% of
samples were discarded as burn-in. The discrepancy across all
bipartitions (maxdiff value) among all chains was derived from
comparison of multiple chain combinations with the bpcomp tool.
The harmonic mean of the likelihood values was calculated for
each chain excluding the burn-in. To infer a majority rule consen-
sus tree, the combination of chains was selected which showed the
best harmonic mean from all combinations of at least three chains
(maxdiff value < 0.2). In addition, 32 chains were run under the
CAT GTR model (Lartillot and Philippe, 2004), following the proce-
dure described for the CAT model. Due to the time consuming cal-
culations, these calculations were stopped after 10,000 cycles. The
CAT I" and CAT-GTR I" models were compared by cross-validation
tests as implemented in PhyloBayes. Comparison of models incor-
porating the Dirichlet process is not implemented in PhyloBayes.
To visualize conflicts in the dataset between different chains
and model assumptions, we computed a consensus network
(Holland and Moulton, 2003) of all trees sampled from the 64 Phy-
loBayes chains with SplitsTree 4.8 (Huson and Bryant, 2006),
choosing a threshold of 0.01 and averaged edge weights.

2.6. Molecular clock analyses

The Bayesian majority rule consensus tree derived from the CAT
mixture and discrete I' model was used as input for the molecular
clock estimates. We applied PhyloBayes 3.3f to calculate diver-
gence times and 95% confidence intervals (Lartillot et al., 2009).
Three relaxed clock models were applied: i. the uncorrelated
gamma multipliers (Drummond et al., 2006), ii. the autocorrelated
log-normal model (Thorne et al., 1998) and iii. the CIR process (Cox
et al., 1985; Lepage et al., 2006). The models were compared by cal-
culating the Bayes factors against the unconstrained model
employing thermodynamic integration (Lartillot et al., 2009), as
implemented in PhyloBayes. Divergence times were computed
with four discrete I' rate categories and a Dirichlet process. In
addition, we varied the priors on divergence times using uniform
priors with hard bounds and the birth-death prior with both, hard
and soft bounds.

Stratigraphic ages were obtained from the International
Stratigraphic Chart 2012 (http://www.stratigraphy.org). Eleven
calibration points were set essentially as described in Rehm et al.
(2011) (see Supplemental Table 3). Further, we defined the diver-
gence time of Lophotrochozoa and Ecdysozoa at 581 Ma (Benton
and Donoghue, 2007). The minimum age of the myriapod - pan-
crustacean split was set 514 mya based on the eucrustacean fossil
Yicaris (Zhang et al., 2007) from the Atdabanian. The minimum age
of the first pancrustacean split 510 mya based on early Cambrian
crown-group crustacean fossils (Harvey et al., 2012; Harvey and
Butterfield, 2008). We chose a minimal age of the split between
Pycnogonida and Euchelicerata based on the first pycnogonid fossil
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of Cambropycnogon klausmuelleri (Waloszek and Dunlop, 2002).
The maximum age of the Hexapoda (calibration point 6) was set
to the mid-Ordovician (Llanvirn, ~475 mya) according to Regier
et al. (2004). Estimations of divergence times were run with two
alternative sets, the first including all eleven calibration points,
the second omitting the calibration point 8, because it referred to
indirect evidence only (see below).

All molecular clock analyses were run for 50,000 cycles
sampling every 10th cycle with a burn-in of 2000 samples. Bayes
factors between each relaxed clock model and the deconstrained
model were estimated using thermodynamic integration as
implemented in PhyloBayes (Lepage et al., 2007) with 100,000
generations and a burn-in of 10,000.

3. Results
3.1. Myriapod transcriptomes

Individual cDNA libraries were constructed from mRNA of six
myriapod species (G. pustulata, L. forficatus, P. angustus, P. lagurus,
S. dehaani, S. vulgaris) and submitted to 454 pyrosequencing. The
runs produced 296,808 to 921,312 reads (Table 1). Clustering of
the sequences resulted in 8116 to 79,396 contigs based on at least
two reads. Between 82 and 2037 contigs were longer than 1 kb.
These properties, as well as random BLAST searches of individual
contigs for every species, suggest sufficient quality of the sequenc-
ing procedure and the transcriptome assemblies for phylogenetic
purposes.

3.2. Concatenating datasets

In addition to the myriapod ESTs obtained for this study, we fur-
ther assembled a broad range of taxa. The initial taxon sampling
encompassed 69 taxa (Supplemental Table 2), including three
annelids, three mollusks, one priapulid, three nematodes, two tar-
digrades and two onychophorans. For twelve species, Official Gene
Sets derived from full genomes were available and the deduced
proteomes were included. Transcripts were assigned to 1550
orthologous genes. Aligning and concatenating all orthologous
sequence clusters resulted in an initial super-alignment of
1,109,847 amino acid positions. 36.12% of the sites were identified
as randomly similar aligned by ALISCORE (Kiick et al., 2010; Misof
and Misof, 2009) and excluded from further analyses. Thus, the
first supermatrix encompassed 69 taxa with 1550 genes and
708,956 aligned amino acid sites. It displayed a poor information
content of 0.086 and matrix coverage in terms of presence/absence
of genes of 34.7%. Matrix optimization using MARE, which deletes
genes and/or taxa with low information content and low coverage,
resulted in a super-alignment of 40,130 amino acids with 181
orthologous genes and 55 taxa. This first selected optimal subset
(dataset 1) displayed an about fourfold increase of information
content (0.316) and a matrix coverage of 66.1%.

A second dataset (dataset 2) was generated from the first super-
alignment to specifically study myriapod evolution. We kept all
myriapod taxa used by Regier et al. (2010), which had been deleted
from dataset 1 because of poor coverage. However, we excluded
the sequence data of S. coleoptrata and L. forficatus used in Regier
et al. (2010) and used available EST data instead (Meusemann
et al., 2010). As dataset 2 was created to study the internal myria-
pod relationships, the outgroup was reduced to four arthropod
species resulting in a super-alignment of 22,339 aa positions com-
prising 21 taxa. Since only about half of the seemingly orthologous
genes used in Regier et al. (2010) survived orthology prediction,
gene coverage among these taxa was very poor (89.9% missing
data).

3.3. Molecular phylogeny of arthropods

Phylogenetic trees were reconstructed by ML and Bayesian
methods. In Bayesian analyses, cross-validation showed that the
CAT-GTR I' outperforms the CAT I" model. With dataset 1 we
received high support for the monophyly of Ecdysozoa (Fig. 1; Sup-
plemental Figs. 1-3). Within this taxon, the priapulid P. caudatus
diverged first, rendering Cycloneuralia paraphyletic. The mono-
phyly of Euarthropoda + Onychophora was consistently recovered
in all analyses, although this relationship did not always receive
maximum support. The monophyly of Arthropoda, Chelicerata
and Myriapoda was maximally supported (each with 100% boot-
strap support [BS]/1.00 Bayesian posterior probability [PP] in all
analyses). Hexapods and crustaceans formed a common clade, as
well with maximal support (i.e. Pancrustacea, comprising paraphy-
letic crustaceans). However, the trees resulting from the four
Bayesian and the ML analyses differed in several important
aspects: i. While the ML tree weakly supported a sister group rela-
tionship of Myriapoda and Chelicerata (63% BS), the monophyly of
Mandibulata received maximal support in the Bayesian tree (1.00
PP); ii. Tardigrada were sister taxon of Nematoda in the ML topol-
ogy (100% BS, Supplemental Fig. 3), while they were sister taxon of
Arthropoda + Onychophora in the Bayesian approaches (1.0 PP); iii.
within the myriapods, S. vulgaris (Symphyla) was either found as
sister group of Chilopoda and Diplopoda (ML: 99% BS; Bayes:
CAT-GTR T and CAT-GTR Dirichlet; 0.99 and 1.00 PP, respectively)
or as sister group of Diplopoda (CAT-TI" and CAT-Dirichlet; 0.98 and
0.92 PP, respectively). Additionally, the trees differed with regard
to the monophyly or paraphyly of “Acari” (mites and ticks), “Entog-
natha” (primarily wingless and enthognatous groups: Protura,
Diplura and Collembola), “Paleoptera” (mayflies and dragonflies
being closest relatives), and the position of copepods within
crustaceans.

The consensus network, which provides an indication of the
congruence or incongruence among the chains of all Bayesian anal-
yses, supported the monophyly of Ecdysozoa and Arthropoda
(Fig. 2). Within Ecdysozoa, the data harbored incongruent signal
on the exact position of higher positioned taxa: Tardigrades were
sister group to monophyletic Arthropoda (including Onychophora)
in all trees derived from Bayesian analyses. However, the network
showed that the dataset also contained phylogenetic signal for a
close relationship of tardigrades and nematodes. There was strong
signal, which did not depend on the phylogenetic model, for the
monophyly of Mandibulata. Chelicerata, Myriapoda, Pancrustacea
and Hexapoda were also resolved as monophyletic clades. Within
these taxa, relationships were less well resolved, with differences
under various models, which was compatible with our findings
in ML and Bayesian trees. The consensus network also highlights
the ambiguity of the mono- or paraphyly of Acari (Acariformes
and Parasitiformes); the positions of Symphyla within Myriapoda
and Copepoda within crustaceans were not consistent. Likewise,
the relationships of entognathous hexapods were poorly resolved,
and the position of Paleoptera received only poor support.

3.4. Deducing myriapod phylogeny

As mentioned, the position of Symphyla within Myriapoda
remained unsettled. In dataset 1, Bayesian analyses employing
CAT-T" or CAT-Dirichlet found Symphyla as sister group of Diplo-
poda, while analyses under the GTR model as well as the ML
approach recovered Symphyla as sister group of Diplopoda + Chilo-
poda. Within Chilopoda, the trees were congruent: S. dehaani
(Scolopendromorpha) and L. forficatus (Lithobiomorpha) were
more closely related, and S. coleoptrata (Scutigeromorpha) was
recovered in basal position. This topology received high support
in the tree derived from the Bayesian analyses with the CAT-GTR
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Fig. 1. Arthropod phylogeny based on 181 genes (40,130 amino acid positions) and 55 taxa. The topology was derived from Bayesian analysis with the CAT-GTR I" model as
implemented in PhyloBayes version 3.3.f. Bayesian posterior probabilities (left) and ML bootstrap support values (right) are depicted at the nodes.

model (I': 0.95 PP, Dirichlet: 0.97 PP), but was poorly supported in
ML analyses (61% BS) and Bayesian analyses with the CAT model
(CAT + I' and CAT-Dirichlet; 0.51 and 0.61 PP, respectively). Within
Diplopoda, a sister group relationship of G. pustulata (Pentazonia)
and P. lagurus (Penicillata) received weak support from Bayesian
analyses, while G. pustulata was basally positioned within the ML
trees. A common clade of A. gigas (Spirostreptida) and P. angustus
(Polydesmida) was consistently recovered with high support.

We therefore aimed to extend our taxon sampling within
Myriapoda by generating a second dataset (dataset 2), which
included additional myriapod taxa from Regier et al. (2010), and
fewer outgroup taxa to focus on internal myriapod relationships.
Here we found Symphyla consistently being placed in a basal
position within Myriapoda (0.92 PP in CAT-GTR + I') (Fig. 3). The
monophyly of Dignatha (i.e. Diplopoda+Pauropoda) was
recovered in all analyses. Within Diplopoda and Chilopoda, most
clades received poor support in dataset 2. The reasonably well sup-
ported clades included Scolopendromorpha, represented by two
species of the genus Scolopendra, and a clade consisting of Cratero-

stigmus tasmanianus (Craterostigmidae) and Scolopendromorpha.
Within Diplopoda, a clade consisting of Abacion magnum (Callipo-
dida) and A. gigas (Spirostreptida), and a clade comprising these
two species and Narceus americanus (Spirobolida) and P. angustus
(Polydesmida) were recovered. The two Polyxenus species also
formed a well supported clade.

3.5. Dating arthropod evolution

Divergence times were estimated based on the Bayesian tree
deriving from the CAT-GTR mixture and discrete gamma model
as described in Rehm et al. (2011). Comparison of the relaxed clock
models employing thermodynamic integration found that the log-
normal autocorrelated clock model fits the data best. The loga-
rithms of the Bayes factors were 41.6 for the uncorrelated gamma
model, 54.3 for the CIR process and 59.8 for the auto-correlated
log-normal model. Divergence times and 95% confidence intervals
were estimated according to the log-normal autocorrelated model
and are given in Supplemental Table 4. Eleven calibration points
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(threshold = 0.01, averaged weights).

were applied (Supplemental Table 3). Omission of the hexapod
maximum age, which only relies on indirect evidence from paleo-
ecological considerations on arthropod terrestrialization (Regier
et al., 2004), resulted in less than 1% difference in mean divergence
time estimates (Supplemental Table 4). We therefore only give the
results based on ten calibration points here.

According to our molecular clock calculations, Ecdysozoa and
Lophotrochozoa diverged 582-574 mya (mean 579 mya) (Fig. 4).
The origin of Ecdysozoa (split Priapulida vs. others) dated to
581-567 mya (mean 576 mya) in the Precambrian, the origin of
Arthropoda (including Tardigrada and Onychophora) was at the
border between the Precambrian and the Cambrian 566-548 mya

| Dapnia pulex

(mean 557 mya). The emergence of Euarthropoda dated to 561-
543 mya (mean 552 mya) and this taxon diversified during the
early Cambrian: Chelicerata and Mandibulata diverged 543-
526 mya (mean 535mya) and Myriapoda and Pancrustacea
diverged 539-522 mya (mean 531 mya). Within Myriapoda, the
two splits of Symphyla vs. other myriapods and divergence of Chi-
lopoda and Diplopoda occurred within a short period around
515 mya (528-511 mya mean 520 mya, and 524-506 mya, mean
515 mya, respectively). Modern pancrustaceans commenced to
diversify 506-494 mya (mean 499 mya) and the lineage leading
to Hexapoda split from Branchiopoda 498-482 mya (mean
490 mya).

4. Discussion
4.1. The phylogenetic position of the Myriapoda

Within the past more than 120 years, the monophyly of
Mandibulata, comprising myriapods, hexapods and crustaceans,
has received substantial support from morphological analyses
(Brusca and Brusca, 2003). However, molecular data have been
far less convincing, providing ambiguous results, often along with
low support. While - to the best of our knowledge - not a single
molecular phylogenetic study supports the traditional view of
monophyletic Tracheata (i.e. Hexapoda + Myriapoda), several
approaches recovered a sister group relationship of Chelicerata
and Myriapoda (Paradoxopoda) with more or less strong support
(Boore et al., 1995; Dunn et al., 2008; Friedrich and Tautz, 1995;
Hwang et al., 2001; Kusche and Burmester, 2001; Mallatt et al.,
2004; Meusemann et al., 2010; Pisani et al., 2004), while others
suggest Myriapoda to be sister group of Pancrustacea, i.e. thereby
supporting monophyletic Mandibulata (Boore et al., 1998; Brusca
and Brusca, 2003; Giribet and Ribera, 2000; Kusche et al., 2002;
Regier et al., 2010; Rota-Stabelli et al., 2011; Rota-Stabelli and
Telford, 2008). Recent studies have demonstrated the sensitivity
of the position of Myriapoda and its support with respect to data
choice, taxon sampling, outgroup selection, and analysis method
(Rota-Stabelli et al., 2011). This sensitivity is also highlighted in
our study: While the ML approach recovered Myriapoda and
Pancrustacea as sister groups (Supplemental Fig. 3), albeit with
poor bootstrap support, all Bayesian analyses strongly supported
the monophyly of Mandibulata (Figs. 1 and 2; Supplemental Figs. 1
and 2). The poor resolution of the trichotomy of Chelicerata-
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Fig. 3. Myriapod phylogeny based on a 22,339 amino acid alignment from 21 taxa. The topology was derived from Bayesian analysis with the CAT-GTR I" model as
implemented in PhyloBayes version 3.3.f. Bayesian posterior probabilities are depicted at the nodes.



P. Rehm et al./ Molecular Phylogenetics and Evolution 77 (2014) 25-33 31

Ediacaran Cambrian " Ordovician

——
Silurian

Devonian

Annelida

Mollusca

Priapulida

Nematoda

Tardigrada

Onychophora

Chelicerata

Symphyla

Diplopoda

— MYRIAPODA —

Chilopoda
Cirripedia,

Malacostraca

Copepoda

MANDIBULATA

Branchiopoda

PANCRUSTACEA

Archeognatha

HEXAPODA

Pterygota

1 i T
600 500

T
400 mya

Fig. 4. Molecular clock analyses of arthropod evolution. Mean divergence times were estimated under the log-normal autocorrelated clock model with PhyloBayes version
3.3.f. Gray bars indicate 95% mean confidence intervals (see Supplemental Table 4). The tree was calibrated using the calibrated nodes marked with an asterisk (see

Supplemental Table 3 for calibration points), mya, million years ago.

Myriapoda-Pancrustacea, which was also observed in most of the
above mentioned studies, can be interpreted in terms of the
paucity of phylogenetic signal that may result from a rapid and
early divergence of main arthropod subphyla during the “Cambrian
explosion” (Fig. 4).

4.2. Relationships within the myriapods

Some authors have doubted myriapod monophyly and
suggested that myriapods are either paraphyletic with regard to
Hexapoda (Bitsch and Bitsch, 2004; Kraus, 1998), Chelicerata
(Negrisolo et al., 2004), or may even form a paraphyletic assem-
blage at the base of the arthropod tree (Loesel et al., 2002). Our
results agree with more recent morphological and molecular anal-
yses (Dunn et al., 2008; Edgecombe, 2011; Gai et al., 2008; Gai
et al., 2006; Giribet et al., 2001) and consistently support mono-
phyletic Myriapoda (classes Diplopoda, Chilopoda, Symphyla,
Pauropoda).

There is surprisingly little agreement on the relative relation-
ships among the four myriapod classes (Edgecombe, 2011). Our
results are ambiguous, too. In the EST-based approach (dataset
1), we found in most of the analyses the symphylans as sister
group to diplopods and chilopods (Figs. 1, 3 and 4). Notably, none
of the earlier molecular or morphological studies (see introduc-
tion) recovered this topology. Only in the Bayesian approach with
CAT-T" and CAT-Dirichlet models the symphylans were sister group
of the diplopods.

To further evaluate the relationships within the myriapods, we
included myriapod sequence data from Regier et al. (2010). Gene
coverage was poor (89.9% missing data), which is the most likely
reason for the lack of resolution of the tree (Fig. 3). Therefore,
results gained with these analyses should be considered with

caution. Some conclusions can be drawn nevertheless: First, the
position of the symphylans, which we also found in most trees
deriving from dataset 1 as sistergroup to the other myriapods
was consistently supported; second, pauropods and diplopods
were sister taxa, thereby supporting monophyletic Dignatha. Third,
C. tasmanianus (Craterostigmomorpha) and Scolopendromorpha
are closely related, supporting monophyletic Phylactometria
(Murienne et al., 2010). Fourth, G. pustulata (Pentazonia) were sis-
ter group of the remaining diplopods, which agrees with a recent
phylogenomic analysis of diplopod ESTs (Brewer and Bond,
2013). Fifth, the monophyly of Helminthomorpha (i.e., A. gigas [Spi-
rostreptida], A. magnum [Callipodida], N. americanus [Spirobolida]
and P. angustus [Polydesmida]) was strongly supported, also agree-
ing with the results from Brewer and Bond (2013). These taxa also
share a derived morphological character (autapomorphy), which
consists of the transformation of at least one pair of legs of the sev-
enth trunk segment into a copulatory organ (Ax, 1999).

4.3. The timeline of myriapod evolution

The early fossil record of Myriapoda is notoriously poor (Shear
and Edgecombe, 2010). In fact, Silurian diplopods (Albadesmus
almondi, Pneumodesmus newmani, and Cowiedesmus eroticopodus)
from the Cowie Formation are the oldest unambiguous myriapod
fossils (Wilson and Anderson, 2004). They date back to the base
of the Ludfordian, ~418.7 mya. C. eroticopodus provides evidence
that Chilopoda and Diplopoda had already separated in the Silu-
rian, strongly pointing to a much earlier origin of the myriapod
subphylum. There is no conclusive fossil evidence for the presence
of myriapods in the Ordovician or an earlier period, and attempts
to identify the myriapod stem-group have not yet been successful
(Edgecombe, 2004). However, the unambiguous presence of fossils
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from the putative sister taxa (Pancrustacea, Chelicerata) in the
Cambrian strongly suggests an origin of Myriapoda already at that
time (Shear and Edgecombe, 2010). Our molecular clock calcula-
tions are in line with this view, suggesting that Myriapoda split
from Pancrustacea ~513 mya and that myriapod classes com-
menced to diversify ~500 mya. These dates correspond well with
other recent molecular clock-based estimates (Brewer and Bond,
2013; Rehm et al., 2011; Rota-Stabelli et al., 2013; Wheat and
Wahlberg, 2013), with the exception that Wheat and Wahlberg
(2013) proposed a much earlier origin of the myriapod subphylum
639 mya. The Cambrian origin of Myriapoda is noteworthy because
it significantly predates the emergence of land plants in the Middle
Ordovician (Rubinstein et al., 2010; Steemans et al., 2009) and the
first myriapod fossil from the Silurian (Wilson and Anderson,
2004). Thus we may speculate that the early evolution and diver-
gence of Myriapoda took place in the ocean, and terrestrialization
occurred several times independently.
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16 Phylogeny of the Chelicerates: Morphological
and molecular evidence

Abstract: The arthropod subphylum Chelicerata encompasses ~110,000 described
living species. Here we review the present state of knowledge on chelicerate phy-
logeny, thereby including morphological, paleontological and molecular evidence.
We must conclude that chelicerate still are largely unresolved. The minimal consen-
sus tree supported by various methods is (Pycnogonida, (Xiphosura, (Scorpiones,
((Amblypygi, (Thelyphonida, Schizomida)), Araneae)))). In addition, the Acari — com-
bining Acariformes and Parasitiformes — are probably a valid taxon. The positions
of Opiliones, Palpigradi, Pseudoscorpiones, Ricinulei, and Solifugae are, however,
essentially unresolved. Even a novel large multi-gene data set deriving from expressed
sequence tags from various chelicerate taxa did not help improving the tree. The lack
of phylogenetic signal may be explained by rapid adaptive radiation associated with
the terrestrialization of the arachnids.

16.1 Introduction

Chelicerata is one of the major branches of the arthropods, encompassing arachnids
and their relatives. With nearly 110,000 described living species, they are second only
to insects in diversity. Arachnids obviously dominate, with spiders (more than 43,000
species) and mites (more than 55,000) representing the ‘megadiverse’ orders. Spiders
are ubiquitous, and a key group of predators in most terrestrial ecosystems. Mites are
ecologically more diverse and range from free-living predators to parasites, to detriti-
vores and even herbivores. Some are aquatic and others are of economic significance
as crop pests or disease vectors. Further species-rich arachnid groups include the har-
vestmen (ca. 6,500 species), pseudoscorpions (3,400), scorpions (2,000), and camel
spiders (1,100). The remaining arachnids are largely restricted to the tropics and are
known from, at most, only a few hundred species. In addition to the arachnids, Che-
licerata also includes the marine xiphosurans (horseshoe crabs) known only from
four living species. Finally pycnogonids (sea spiders) are another marine group, com-
prising nearly 1,500 species.

Relationships between these animals have long been debated (e.g. Pocock, 1893;
Borner, 1904). A significant step forward was the introduction of cladistic methods
in a seminal paper by Weygoldt and Paulus (1979), followed by the first computer-
assisted cladograms (Shultz, 1990) and the first applications of molecular data
(Wheeler and Hayashi, 1998) (Figure 16.1). In recent years, additional molecular phy-
logenetic studies using a variety of markers and more sophisticated techniques have
attempted to enhance our understanding of chelicerate relationships (Shultz and
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Regier, 2000; Hassanin, 2006; Podsiadlowski and Braband, 2006; Jones et al., 2007;
Shultz, 2007; Dunn et al., 2008; Jeyaprakash and Hoy, 2009; Roeding et al., 2009;
Pepato et al., 2010; Regier et al., 2010; Rehm et al., 2011; Rota-Stabelli et al., 2011;
Rehm et al., 2012). Yet despite this wealth of modern data there is, at present, no
single accepted phylogeny for Chelicerata and discrepancies remain between trees
derived from morphology and molecules. This striking lack of resolution — in spite of
the range of analytical techniques applied — is surely the key issue for contemporary
work on chelicerate relationships.

16.2 Chelicerate origins: Mandibulata or Myriochelata?

Traditionally, chelicerates were placed within the Euarthopoda as the sister-group
of the Mandibulata (Brusca and Brusca, 2003), a taxon that comprises the subphyla
Myriapoda, Crustacea, and Hexapoda. Synapomorphies that unite the Mandibulata
are the mandibles, which are mouthparts used for biting and chewing, the posses-
sion of antennae and the division of the body into three tagmata: head, thorax and
abdomen. The monophyly of Mandibulata receives support from some molecular
phylogenetic studies, which include analyses of selected single genes (Giribet and
Ribera, 2000; Kusche et al., 2003), concatenated alignments (Regier et al., 2010), total
evidence (Giribet et al., 2001), and mircoRNA (Rota-Stabelli et al., 2011).

However, other molecular studies have challenged the monophyly of Mandibu-
lata and suggested a common clade of chelicerates and myriapods (the “Myrioche-
lata” or “Paradoxopoda” hypothesis; e.g., Friedrich and Tautz, 1995; Hwang et al.,
2001; Mallatt et al., 2004; Pisani et al., 2004; Dunn et al., 2008). Morphological evi-
dence in favor of Myriochelata is poor, and essentially restricted to some similarities
of neurogenesis (Kadner and Stollewerk, 2004) and embryonic development (Mayer
and Whitington, 2009). These characters, however, may also be plesiomorphic and
reflect the ancient state in stem-line arthropods. An analogous explanation may
explain similarities in the organization of the onychophoran and chelicerate brain,
which even led to the proposal of a sister-group relationship between these two taxa
(Strausfeld et al., 2006). According to Rota-Stabelli and Telford (2008), the choice of
outgroup in analyses of mitochondrial sequences influences whether Myriochelata is
recovered.

16.2.1 Evidence from the fossil record of chelicerates

Chelicerate origins in deep time are uncertain. Historically they were often linked to
the extinct Trilobita; a hypothesis largely based on superficial similarities between tri-
lobites and horseshoe crabs (Xiphosura). Newly hatched xiphosurans retain vestiges
of segmentation and are still commonly referred to as ‘trilobite larvae’. The names



Phylogeny of the Chelicerates: Morphological and molecular evidence =— 397

Arachnomorpha or Arachnata can often be found in the paleontological literature
and encompass a broad, but not necessarily well-defined, group of chelicerates, tri-
lobites and various early Paleozoic arthropods. The concept of Arachnomorpha was
explicitly challenged by Scholtz and Edgecombe (2005), who pointed out that most of
the potential synapomorphies shared by trilobites and xiphosurans — like the broad
head shield - are not seen in pycnogonids or arachnids. They preferred to group trilo-
bites with other antennae-bearing arthropods, i.e. the Mandibulata.

Where does this leave Chelicerata? One emerging hypothesis (e.g., Chen et al.,
2004) places a number of Cambrian fossils — sometimes called ‘great appendage’
arthropods or megacherians — on the chelicerate stem-lineage. These extinct arthro-
pods share with chelicerates a modification of the first pair of head appendages into
increasingly raptorial and claw-like structures; see also Haug et al. (2012). In this sce-
nario, these raptorial head limbs would represent precursors of the chelate chelicerae
(see below). Yet claws are functional adaptations, easy to evolve, and thus potentially
prone to homoplasy. Homologizing head appendages between early fossil arthropods
and their living relatives remains controversial and other interpretations of the ‘great
appendage’ (e.g., Budd, 2002) have been published. Resolving the chelicerate stem-
lineage is nevertheless important with a view towards selecting appropriate outgroup
taxa for polarizing morphological character states.

16.3 Chelicerate phylogeny

The name Chelicerata literally means ‘claw-bearer’ and was coined by Heymons
(1901) for arthropods in which the first pair of head appendages — the chelicerae — are
used for grasping and/or tearing up prey. These chelicerae are either claw-like or else
modified, in groups like spiders into fangs which take the form of a pocket knife. In its
original conception, Chelicerata comprised arachnids and xiphosurans only.

16.3.1 Position of the sea spiders (Pycnogonida)

Sea spiders (Pycnogonida) were often added to the chelicerates, although this place-
ment does not have universal support. It is fair to say that pycnogonids are strange-
looking creatures with many unusual features. For example, they have a large pro-
boscis for sucking up prey and displace many organ systems from their remarkably
narrow body into the legs. Some authors simply accumulated these autapomorphies
as evidence for the ‘uniqueness’ of pycnogonids, and suggested that they evolved
independently from the other arthropods (for a review, see Dunlop and Arango,
2005). The name Cormogonida (Zrzavy et al., 1998) has been suggested for a clade of
arthropods excluding the pycnogonids. In support of this hypothesis is the fact that
in cormogonid arthropods (i.e. euchelicerates plus mandibulates) the genital opening
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is on the body, while in pycnogonids the genital openings are on the proximal articles
of the legs. Additional support for the Cormogonida hypothesis comes from the com-
bined analysis of molecular sequences and morphological characters (Giribet et al.,
2001) and from comparative neuroanatomy, which suggests a unique innervation of
the chelifores (Maxmen et al., 2005) (but see below).

Morphologically, the key issue for a sister-group relationship of Pycnogonida and
Euchelicerata is equating the pycnogonid chelifores (or cheliphores) with the euc-
helicerate chelicerae. Both structures are fundamentally chelate, but as noted above
claws are functional elements which could potentially evolve in parallel. As men-
tioned, there have also been proposals that the chelifores and chelicerae are not seri-
ally homologous elements, i.e. they are not innervated from the same part of the brain
(Maxmen et al., 2005). However, Hox gene (Jager et al., 2006) and neuroanatomical
studies (Brenneis et al., 2008) have argued that this is the same appendage — and in
this context chelate chelifores/chelicerae remain the best autapomorphy of a mono-
phyletic Chelicerata.

Most of the modern literature favors the traditional textbook concept of Chelic-
erata, namely a sister-group relationship of Pycnogonida and Euchelicerata. Molecu-
lar phylogenetic studies using hemocyanin sequence and structure (Rehm et al., 2012),
selected genes (Regier et al., 2010; Sanders and Lee, 2010) or expressed sequence tags
(ESTs) (Dunn et al., 2008; Meusemann et al., 2010) strongly support this topology.
An ingroup position of the Pycnogonida with the Arachnida — as deduced from mito-
chondrial DNA sequences (Hassanin, 2006; Podsiadlowski and Braband, 2006; Jones
et al., 2007; Park et al., 2007; Jeyaprakash and Hoy, 2009) — is not supported by other
data and is best considered an artifact.

16.3.2 Euchelicerata

The term Euchelicerata was introduced by Weygoldt and Paulus (1979) for all chelicer-
ates, excluding pycnogonids. In their original definition it included an extinct fossil
group called Aglaspidida, but these animals — which superficially resemble xipho-
surans — are now usually placed on the mandibulate stem-lineage instead; see Ortega
Hernandez et al. (2013; and references therein). Euchelicerata is an uncontroversial
group, easily defined by the presence of plate-like appendages on the underside of
the opisthosoma. These are clearly visible in xiphosurans as the movable, flap-like
opercula covering the paired genital openings and the five subsequent pairs of gills.
The presence of lamellate respiratory organs (i.e. book gills or book lungs) is also
characteristic for euchelicerates; although numerous arachnids have lost the lungs
and replaced them either partially or wholly with trachea. In general, it can also be
argued that Euchelicerata have the typical prosoma—-opisthosoma division of the
body; the front half focused on feeding, locomotion and sensory systems and the back
half focused on digestion, respiration and reproduction. A caveat to this is that in
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xiphosurans the dividing line is less clear cut. Comparative morphology and embryol-
ogy reveals that parts of the anterior dorsal opisthosoma contribute to the prosomal
dorsal shield, while the first opisthosmal appendages (the small, stubby chilaria)
are functionally integrated into the ventral prosoma (Shultz, 2001). The textbook
prosoma-opisthosoma division is also questionable for acariform mites, in which the
principal division of the body actually runs between the second and third pair of legs
(Dunlop et al., 2012), rather than behind the fourth pair as in, e.g., spiders.

Within euchelicerates, two classes were traditionally recognized. Merostomata
include xiphosurans and the extinct Paleozoic Eurypterida (sea scorpions). The other
class is the (largely) terrestrial Arachnida. As critiqued by Kraus (1976), this is primar-
ily an ecological division rather than an explicitly phylogenetic one. Note that Lams-
dell (2013) recently challenged the monophyly of Xiphosura, arguing that certain
Paleozoic fossils traditionally placed here are not stem-group horseshoe crabs, but
represent stem-group euchelicerates instead.

Weygoldt and Paulus (1979) placed eurypterids closer to arachnids in a clade they
called Metastomata. This was ostensibly defined by a plate-like metastoma immedi-
ately behind the leg coxae. This metastoma is a fundamental part of the eurypterid
body plan, but it could represent the modified first opisthosomal appendages; thus
making them potentially homologous to the chilaria of xiphosurans. A direct equiva-
lent in Arachnida is harder to demonstrate, and in general arachnids are thought to
lack appendages on the first opisthosomal segment (Shultz, 1990). As an alternative
diagnostic character, in exceptionally preserved eurypterids, Kamenz et al. (2011)
identified precursor sclerites within internal parts of the genitalia which go on, even-
tually, to form spermatophores. Since xiphosurans simply release their sperm during
mating, spermatophore-mediated sperm transfer offers a good potential synapomor-
phy for (Eurypterida + Arachnida); a clade for which the new name Sclerophorata
was proposed.

16.4 Arachnids: Conquerors of the land

The name Arachnida can be traced back to Lamarck (1801) and emerged, historically,
from among the ‘wingless insects’ as recognized by eighteenth century zoologists.
Current schemes usually accept sixteen arachnid orders: twelve extant (Acariformes
[mites], Amblypygi [whip spiders], Araneae [true spiders], Opiliones [harvestmen],
Palpigradi [micro-whip scorpions], Parasitiformes [predatory mites and ticks], Pseu-
doscorpiones [false scorpions], Ricinulei [hooded tickspiders], Schizomida [schizo-
mids], Scorpiones [scorpions], Solifugae [sun spiders], and Thelyphonida [whip
scorpions]), and four extinct (Haptopoda, Phalangiotarbida, Trigonotarbida, Urara-
neida). Cladistic studies employing morphological characters have almost invariably
recovered Arachnida as a monophyletic group (Shultz, 1990; Wheeler and Hayashi,
1998) (Figure 16.1). Putative synapomorphies supporting Arachnida include a reduc-
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tion in the width of the prosomal dorsal shield — usually just called the carapace in
the taxonomic literature — and the possession of “terrestrial” respiratory organs like
book lungs or trachea. Other proposed arachnid characters include the presence of
tiny ‘strain gauges’ in the cuticle called slit sense organs, although these are not seen
in all arachnid orders. Another potential synapomorphy is the loss of appendages
from the first opisthosomal segment (see above). This is problematic as scorpions
retain limb buds here, at least during their embryological development.

A. Weygoldt & Paulus (1979) B. Shultz (1990; 2007) C. Wheeler & Hayashi (1998)
Pycnogonida Xiphosura Pycnogonida
Xiphosura [Eurypterida Xiphosura
————Scorpiones Chasn]atasp/dlda Opiliones
Palpigradi Scorpiones Scorpiones
.p.g Opiliones R P
Opiliones Palpigradi Solifugae
Ricinulei Acariformes Pseudoscorpiones
Acariformes Ricinulei Ricinulei
Parasitiformes Opilioacariformes Acariformes
Solifugae Parasitiformes Parasitiformes
Pseudoscorpiones _[Sollfugae Palpigradi
Pseudoscorpiones
Araneae R X Araneae
. — Trigonotarbida .
Amblypygi Araneae Amblypygi
Thelyphonida Haptopoda Thelyphonida
Schizomida Amblypygi Schizomida
Thelyphonida
Schizomida

Figure 16.1: Chelicerate phylogeny by A. Weygoldt and Paulus (1979), B. Shultz (1990; 2007) and
C. Wheeler and Hayashi (1998). The names in italics in (B) denote extinct taxa.

16.4.1 Are arachnids monophyletic?

Some paleontological studies have challenged arachnid monophyly, specifically with
respect to scorpions and eurypterids (reviewed in Dunlop and Braddy, 2001). Both
express a similar body plan in which the last five segments of the opisthosoma are
somewhat narrow and ring-like. The question is whether this is synapomorphic or
homoplastic? Although it is tempting to envisage scorpions evolving directly from ‘sea
scorpions’, it has to be conceded that the most scorpion-like eurypterids — the mixop-
teroids, complete with a telson shaped like a sting — actually resolve in quite a derived
position among the eurypterids (e.g. Tetlie, 2007).

Several molecular phylogenetic studies also failed to recover arachnids as a
monophyletic clade (Roeding et al., 2009; Meusemann et al., 2010; Sanders and Lee,
2010). Sanders and Lee (2010) used concatenated sequences of 18S rRNA, 28S rRNA,
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elongation factors 1a and 2, and RNA polymerase II subunit in Bayesian analyses and
obtained Xiphosura nested within the arachnids. Phylogenomic studies employing
large multi-gene alignments of 11,168 (Roeding et al., 2009) or 37,476 (Meusemann
et al., 2010) amino acid positions, which had been inferred from EST-derived ortholo-
gous genes, consistently obtained the Acari as the sister-group of all other euchelic-
erates. However, these studies only included representatives of the taxa Xiphosura,
Araneae, Scorpiones and Acari.

In a more recent approach, additional taxa, namely Amblypygi, Opiliones, Pseu-
doscorpiones, Solifugae, and Thelyphonida, were included (Borner, Rehm and Bur-
mester, unpublished). 454 pyrosequencing was used to obtain ESTs, resulting in a
concatenated multi-gene alignment consisting of 197 orthologous genes (18,163 aa
positions, 32.4 % missing data). However, employing Maximum Likelihood and Bayes-
ian methods for tree reconstructions (similar to the methods described in Meusemann
et al., 2010), even this impressive data set was not sufficient to identify the relative
relationships among the arachnid taxa, with the exception of support for Euchelic-
erata, Tetrapulmonata and Pedipalpi (Figure 16.2).

Connected to this debate is the question of whether arachnids all share acommon,
terrestrial ancestor, or whether multiple lineages moved onto land independently.
Terrestrialization was achieved in some (if not all) groups by at least the late Silu-
rian period (Jeram et al., 1990). Note that some Paleozoic fossil scorpions have been
interpreted as aquatic animals which, if correct, would imply at least two separate
terrestrialization events: one for the scorpions themselves and at least one for the
remaining arachnids. However, aquatic scorpions have not been universally accepted
(for a recent critique see Kiihl et al., 2012) and the trend is now to see most, if not all,
fossil scorpions as terrestrial. Scholtz and Kamenz (2006) compared the book lungs
of scorpions with those of tetrapulmonate arachnids, identifying numerous common
features in their fine structure which imply a single origin for the book lungs in a ter-
restrial arachnid ancestor.

16.4.2 Tangled relationships: The arachnid groups

The monophyly of each of the twelve arachnid orders is undisputed. However, the
relationships between them remain controversial. Traditionally, scorpions were often
envisaged as ‘primitive’ arachnids — perhaps again influenced by their resemblance
to eurypterids — and placed basal to the remaining Arachnida, a clade for which
Pocock’s (1893) name Lipoctena has been adopted. In Weygoldt and Paulus (1979),
lipoctenid arachnids were characterized by, for example, the fine structure of both
their sperm cells and the lateral eyes, and a reduction in the number of respiratory
openings. Alternatively, Shultz (2007, and references therein) developed a novel
hypothesis, largely based on skeletomuscular characters, in which scorpions are the
sister-group of harvestmen (Opiliones). The name Stomothecata was proposed for this
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Figure 16.2: Bayesian phylogenetic analysis of 15 chelicerate taxa based on a multi-gene align-

ment selected from EST data sets (Borner, Rehm and Burmester, unpublished). 197 orthologous
genes (88,044 amino acid positions) were selected by the aid of HaMStR (Ebersberger et al., 2009)
and aligned with MAFFT (Katoh and Toh, 2008). Poorly aligned sections were removed by Gblocks
employing the “less stringent” criteria (Castresana, 2000; http://molevol.cmima.csic.es/castresana/
Gblocks_server.html). The final alignment covered 18,163 positions with 32.4 % missing data. Tree
reconstructions were carried out with PhyloBayes3.3e (Lartillot et al., 2008) assuming the CAT
mixture model with discrete gamma model (four categories) and the Dirichlet process. 20 chains were
run for 20,000 cycles each. The numbers at the nodes represent the Bayesian posterior probabilities.
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clade (Shultz, 2007), and refers to the shared presence of a distinct preoral chamber —
the stomotheca — which in scorpions and harvestmen is explicitly constructed from
projections (apophyses) derived from the first two pairs of leg coxae. A critique of
this hypothesis would be that some early fossil scorpions have a much simpler coxo-
sternal arrangement and appear to lack these so-called coxapophyses. With regard to
harvestman feeding ecology, a further interesting point to note is that they have an
omnivorous diet and are one of the few arachnid orders which are (still) capable of
ingesting solid food. This is presumably the plesiomorphic condition, and is seen in
xiphosurans (as an outgroup) and also some mites (Walter and Proctor, 1998). Most
arachnids liquefy their food preorally.
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Borner (1904) introduced the name Haplocnemata for a group comprising camel
spiders (Solifugae) and pseudoscorpions (Pseudoscorpiones). Apart from their large
pedipalpal claws, basal pseudoscorpions do indeed resemble camel spiders. Hap-
locnemata can be defined on a range of morphological characters, such as two pairs
of tracheal openings on the third and fourth opisthosomal segments and a very short
femur such that the leg bends principally from the patella—tibia articulation (hence
the confusion about the ‘missing’ patella). In fact, cladistic studies (Weygoldt and
Paulus, 1979; Shultz, 1990) based on morphological characters have recovered Hap-
locnemata, although we should note that male genital characters do not support this
relationship (Alberti and Peretti, 2002).

16.4.3 Are Acari monophyletic and arachnids at all?

Mites and ticks were traditionally grouped together as a single order named Acari.
Despite this, acarologists have long recognized (e.g., Grandjean 1935) that there are
at least two fundamental lineages, which can be differentiated on whether or not the
cuticle of their setae shows birefringence; as well as a swathe of other internal and
external characters (reviewed by Dunlop and Alberti, 2008). The parasitiform (or
anactinotrichid) mites include opilioacarids, holothyrids, mesostigmatids and ticks.
The acariform (or actinotrichid) mites include all the rest. The possibility that Acari
is not monophyletic has long been discussed; championed primarily in the non-cla-
distic work of Zachvatkin (1952) and van der Hammen (1989). All mites share one very
good synapomorphy: the gnathosoma. This is a specific functional unit at the front
of the body encompassing the chelicerae, mouth lips and pedipalps, which can move
independently of the rest of the body (or idiosoma). Any scenario in which mites are
not monophyletic must contend with the idea that the gnathosoma is homoplastic.
For a further discussion of this key character see Alberti et al. (2011). Some authors
have speculated that opilioacariform mites are — as their name implies — related to
harvestmen, or have compared palpigrades to the acariform mites (van der Hammen,
1989). However, these hypotheses tend to rely on superficial resemblances and are
rarely backed by robust sets of apomorphies.

Perhaps the strongest recurring model is that all mites (or at least the Parasiti-
formes) are related to the rare ricinuleids. This is the Acaromorpha concept. Acari and
Ricinulei both uniquely have hexapodal larvae, i.e. the hatching instar has only three
pairs of legs and acquires the fourth pair later in ontogeny. Other authors have argued
that ricinuleids also have a gnathosoma, or at least the fused pedipalpal coxae which
contribute towards a gnathosoma (Shultz, 1990). However, this interpretation is open
to question and other authors treat the gnathosoma as a mite feature only. A further
challenge to Acaromorpha is the fact that ricinuleids also share a number of putative
synapomorphies (reviewed by Dunlop et al., 2009) with the extinct arachnid order
Trigonotarbida; a lung-bearing taxon which is evidently close to the Tetrapulmonata.
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Alberti and Peretti (2002) identified potential synapomorphies in sperm and
testis structure shared between camel spiders (Solifugae) and the acariform branch of
the mites only. Both groups also share a so-called sejugal furrow, a sulcus dividing the
body between the second and third pair of legs (e.g. Dunlop et al., 2012). Taking up
this theme, the molecular study of Dabert et al. (2010) formally recognized (Solifugae
+ Acariformes), and the same result was found independently in a combined molecu-
lar and morphological analysis published shortly afterwards by Pepato et al. (2010);
who proposed using the historical name Poecilophysidea for this clade. Where, in this
scenario, the pseudoscorpions and the other mite clade (Parasitiformes) belong is
uncertain, although Dabert et al. (2010) recovered these two groups together.

Other molecular phylogenetic studies also gave conflicting results on both the
monophyly and the position of the Acari, respectively. Wheeler and Hayashi (1998)
treated the Acari as monophyletic. By using total evidence, combining rRNA and
morphological characters, they recovered Acari as sister-group of Ricinulei within
the monophyletic Arachnida. A large body of literature exists in which mitochondrial
amino acid or nucleotide sequence data have been employed to resolve the phyloge-
netic position of Acari. Fahrein et al. (2007) derived a paraphyletic Acari, with Acari-
formes + Ricinulei being sister-group of the Araneae. Diphyletic Acari were also found
by Ovchinnikov and Masta (2012), who recovered the clades Acariformes + Pseudo-
scorpiones and Parasitiformes + Ricinulei (cf. the Acaromorpha concept, as discussed
above). By contrast Park et al. (2007) derived a monophyletic Acari as sister-group of
the Araneae. In analyses employing orthologous genes selected from the ESTs, we
either found the Acari as sister-group to the other Euchelicerates (Roeding et al., 2007;
Roeding et al., 2009; Meusemann et al., 2010) or, upon the inclusion of additional
arachnid taxa, Parasitiformes and Acariformes in an unresolved position within the
euchelicerates (Figure 16.2) (Borner, Rehm and Burmester, unpublished).

16.4.4 Tetrapulmonata

Perhaps the least controversial higher arachnid taxon in terms of morphology and
molecular data is Tetrapulmonata. This group has been consistently recovered — in
one form or another — since the early work of Pocock (1893). It essentially comprises
the spiders (Araneae) and their closest relatives: namely whip spiders (Ambly-
pygi), whip scorpions (Thelyphonida), schizomids (Schizomida) plus three extinct
orders: Trigonotarbida, Uraraneida and Haptopoda. What these arachnids all share
in common is a ground pattern of two pairs of book lungs, opening on the second
and third opisthosomal segments. They also have similar chelicerae, which are less
chelate and shaped instead more like a pocket knife with a fang articulating against a
basal region. Another typical feature is a degree of constriction between the prosoma
and opisthosoma, although this is also seen in other arachnids such as palpigrades
and camel spiders. The name Tetrapulmonata was introduced by Shultz (1990) for
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spiders, whip spiders, whip scorpions and schizomids (Figure 16.1B). Study of well-
preserved trigonotarbid fossils indicates that they belong to this assemblage too
(Shear et al., 1987). Tetrapulmonata was thus subsequently expanded to a clade Pan-
tetrapulmonata by Shultz (2007) specifically to encompass this extinct order. The
monophyly of extant Tetrapulmonata has been consistently recovered by the molec-
ular phylogenetic studies using various sets of genes (Wheeler and Hayashi, 1998;
Shultz and Regier, 2000; Jones et al., 2007; Pepato et al., 2010; Rehm et al., 2012), as
well as by a large concatenated multi-gene alignment (Borner, Rehm and Burmester,
unpublished).

Within the pantetrapulmonates there remains some debate about the precise
phylogenetic relationships of the individual orders. Integrating the recently identi-
fied (and probably quite spider-like, Selden et al., 2008) fossil uraranenids into the
scheme of Shultz (2007), we would recover a hypothesis along the lines of (Trigono-
tarbida, ((Uraranenida, Araneae), (Haptopoda, (Amblypygi, (Thelyphonida, Schizo-
mida)))))). There seems little doubt that the similar-looking whip scorpions and
schizomids are closely related — together forming the Uropygi in some nomenclature
schemes — and historically they were further combined with the whip spiders (Ambly-
pygi) into a single arachnid order: Pedipalpi. The Pedipalpi concept remains a robust
hypothesis on morphological grounds (Shear et al., 1987; Shultz, 1990, 2007) and is
justified by synapomorphies such as modification of the pedipalps into subchelate
limbs for prey capture, and the first pair of legs becoming long and slender such that
they are used more like tactile organs. Further skeletomuscular details can be added
to this list (Shultz 1999).

The alternative hypothesis, the Labellata concept (Petrunkevitch, 1949; Wey-
goldt and Paulus, 1979) groups spiders (Araneae) with whip spiders (Amblypygi) and
is justified morphologically by the presence of a muscular sucking stomach within
the prosoma which aids the ingestion process, and an especially narrow junction
between the prosoma and opisthosoma which is often referred to explicitly here as a
pedicel or petiolous (Figure 16.1A). Wheeler and Hayashi (1998) recovered Labellata
based on the phylogenetic analysis of ribosomal RNA sequences and total evidence,
and more recently, Ovchinnikov and Masta (2012) found this topology with mitochon-
drial amino acid sequences. The unusual topology of a clade comprising Araneae +
Uropygi was identified by analyses of 18S + 28S ribosomal RNA (Pepato et al., 2010).
Most other molecular analyses, however, recover monophyletic Pedipalpi (Amblypygi
and Uropygi) as one of the best-supported taxa within the arachnids. The data sets
applied in these studies included two nuclear genes (elongation factor 1-a and the
large subunit of RNA polymerase II) (Shultz and Regier, 2000), selected mitochon-
drial data (Jones et al., 2007), single and concatenated hemocyanin sequences (Rehm
et al., 2012), and the above-mentioned multi-gene alignment derived from ESTs
(Borner, Rehm and Burmester, unpublished).
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16.4.5 Araneae: The true spiders

Spiders are the most prominent representatives of the chelicerates, and are character-
ized by the possession of opisthosomal silk glands opening via spinnerets (Selden
et al., 2008), cheliceral venom glands and male pedipalps modified as a copulatory
organ. The monophyly of Araneae has never been disputed among morphologists
and has also been consistently recovered in molecular studies (Wheeler and Hayashi,
1998; Roeding et al., 2009; Rehm et al., 2012). Two suborders of spiders are recog-
nized; the Mesothelae are considered as the most basal clade, being sister-group to
the Opisthothele. The latter is divided into the infraorders Mygalomorphae (tarantu-
las and relatives) and Araneomorphae (orb weaving spiders, wandering spiders, and
others).

16.5 Dating chelicerate evolution

The fossil record of chelicerates is fragmentary, but still helps to date their evolution-
ary history (Dunlop and Selden, 2009; Dunlop, 2010). The origin of the subphylum
Chelicerata dates back at least to the Cambrian period. The earliest fossil evidence
for the split of Pycnogonida and Euchelicerata is a larval sea spider from the upper
Cambrian ~ 500 million years ago (MYA) (Waloszek and Dunlop, 2002). A molecular
clock approach, which compares the DNA or amino acid sequences, is an additional
and alternative approach to date chelicerate origin and evolution. Initial clock analy-
ses suggested that the earliest divergence within the chelicerates took place already
813-632 MYA (Regier et al., 2005). This estimate is most likely too old and predates the
first unequivocal evidence for metazoan life. We employed ESTs and calculated that
the split between Pycnogonida and Euchelicerata occurred ~ 546 MYA (Rehm et al.,
2011). Other calculations employing hemocyanin sequences came to a similar con-
clusion and suggest a divergence of 543 MYA (Rehm et al., 2012). A similar date was
found in the molecular clock study of Rota-Stabelli et al. (2013). These estimates only
slightly predate the earliest putative (stem) chelicerate fossils, which derive from the
Lower Cambrian ~ 530 MYA (Chen, 2009).

Likewise, the fossil and molecular clock dates of euchelicerate evolution essen-
tially agree. The earliest true euchelicerates are xiphosuran fossils from the Early
Ordovician ~ 480 MYA of Morocco (Van Roy et al., 2010). Studies employing hemo-
cyanin sequences derived ~ 463 MYA (444 to 489 MYA) as the time of divergence of
arachnids and xiphosurans (Rehm et al., 2012). The first unambiguous arachnid is a
~ 428 MYA old Silurian scorpion (Dunlop and Selden, 2009; Dunlop, 2010); we calcu-
lated that scorpions and Tetrapulmonata split ~419 MYA (405 to 440 MYA). The Tet-
rapulmonata likely emerged in the Devonian period, but the first fossils (i.e. recogniz-
able mesothele spiders, whip spiders and whip scorpions) are from the Carboniferous
(Dunlop, 2010). An early (i.e. Devonian) origin was supported by the molecular clock
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calculations (~369 MYA). According to the hemocyanin data set Araneae and Pedi-
palpi diverged ~369 MYA (357 to 414 MYA), Amblypygi and Uropygi 334 MYA (316 to
344 MYA). The oldest known non-mesothele spider is a mygalomorph dating 240 MYA
(Triassic), while Araneomorphae are also Triassic in age (Selden et al., 1999). From the
hemocyanin data set we derived that Mygalomorphae and Araneomorphae diverged
~ 271 MYA (254 to 288 MYA), which is somewhat older and implies a Permian origin of
today’s two principal spider clades (Rehm et al., 2012).

The most successful subgroup within the Araneomorphae are the Entelegynae.
These spiders are characterized by their complex genitalia, and are further subdi-
vided into the Orbicularidae (i.e. orb weavers and their relatives) and the spiders of
the RTA clade which includes both web-builders and hunting or ambushing spiders
which have secondarily given up their web-building behavior. A recent fossil suggests
that the Orbicularidae already occurred in the Jurassic 165 MYA (Selden et al., 2011).
Our calculations derived a date ~ 239 MYA for the divergence of Orbicularidae and the
RTA clade (Rehm et al., 2012), which suggests that the origin of orb-weaving spiders
may even be earlier.

16.6 Perspectives: Resolving the chelicerate tree

Despite more than 100 years of morphological research and the recent advance of
molecular techniques, relationships among the chelicerate orders are still largely
unresolved. The minimal consensus, which is well supported by various methods,
would be Pycnogonida, (Xiphosura, (Scorpiones, ((Amblypygi, (Thelyphonida, Schizo-
mida)), Araneae)))). There is also evidence, albeit disputed, that the Acari — combining
the Acariformes and Parasitiformes — are a valid taxon. However, the positions of the
remaining arachnid orders remain elusive and different results have emerged from
different data sets. Even our very large multi-gene data set that also includes Opil-
iones, Pseudoscorpiones and Solifugae does not improve the tree. Alternative data
sets in which either slow or fast evolving genes, or both, or long branching taxa have
been excluded, did not result in any improvement of the tree (not shown). Likewise,
alternative methods, such as tree reconstructions using rare genomic changes such as
indels failed at the same nodes.

This observation is remarkable, and in sharp contrast to the other arthropod sub-
phyla, in which the generation of large sequence alignments and the application of
similar methods led to a significant advance in the resolution of the trees (Roeding
et al., 2007; Roeding et al., 2009; Meusemann et al., 2010; Regier et al., 2010; von
Reumont et al., 2012). A possible explanation for the lack of phylogenetic signal within
the arachnid data sets may be a rapid diversification in the early Paleozoic, which
may in turn be evidence of an adaptive radiation associated with the terrestrialization
of these animals (see also: Pisani et al., 2005; Rota-Stabelli et al. 2013). Such an inter-
pretation is tentatively supported by the very short internal branches at the relevant



408 —— Jason Dunlop, Janus Borner, and Thorsten Burmester

nodes (cf. Figure 16.2) and is in line with the notorious difficulties encountered when
trying to resolve the chelicerate tree with the help of morphological characters.
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Abstract

classes.

Background: Oxygen transport in the hemolymph of many arthropod species is facilitated by large copper-
proteins referred to as hemocyanins. Arthropod hemocyanins are hexamers or oligomers of hexamers, which are
characterized by a high O, transport capacity and a high cooperativity, thereby enhancing O, supply. Hemocyanin
subunit sequences had been available from horseshoe crabs (Xiphosura) and various spiders (Araneae), but not
from any other chelicerate taxon. To trace the evolution of hemocyanins and the emergence of the large
hemocyanin oligomers, hemocyanin cDNA sequences were obtained from representatives of selected chelicerate

Results: Hemocyanin subunits from a sea spider, a scorpion, a whip scorpion and a whip spider were sequenced.
Hemocyanin has been lost in Opiliones, Pseudoscorpiones, Solifugae and Acari, which may be explained by the
evolution of trachea (i.e, taxon Apulmonata). Bayesian phylogenetic analysis was used to reconstruct the evolution
of hemocyanin subunits and a relaxed molecular clock approach was applied to date the major events. While the
sea spider has a simple hexameric hemocyanin, four distinct subunit types evolved before Xiphosura and
Arachnida diverged around 470 Ma ago, suggesting the existence of a 4 X 6mer at that time. Subsequently,
independent gene duplication events gave rise to the other distinct subunits in each of the 8 x 6mer hemocyanin
of Xiphosura and the 4 x 6mer of Arachnida. The hemocyanin sequences were used to infer the evolutionary
history of chelicerates. The phylogenetic trees support a basal position of Pycnogonida, a sister group relationship
of Xiphosura and Arachnida, and a sister group relationship of the whip scorpions and the whip spiders.

Conclusion: Formation of a complex hemocyanin oligomer commenced early in the evolution of euchelicerates. A
4 x émer hemocyanin consisting of seven subunit types is conserved in most arachnids since more than 400 Ma,
although some entelegyne spiders display selective subunit loss and independent oligomerization. Hemocyanins
also turned out to be a good marker to trace chelicerate evolution, which is, however, limited by the loss of
hemocyanin in some taxa. The molecular clock calculations were in excellent agreement with the fossil record, also
demonstrating the applicability of hemocyanins for such approach.

Background

Hemocyanins are large copper-proteins that transport
O, in the hemolymph of many arthropods and mollusks
[1-3]. However, the hemocyanins of these two phyla are
structurally different and emerged independently [4].
Hemocyanins evolved early in the arthropod stem line-
age from the phenoloxidases, which are O,-consuming
enzymes involved in the melanin pathway [3]. Other
members of the arthropod hemocyanin superfamily have
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( BiolMed Central

lost the ability to bind copper and thus O,, and gave
rise to the non-respiratory pseudo-hemocyanins (crypto-
cyanins) in decapod crustaceans and the hexamerins in
hexapods, which serve as storage proteins [3,5,6].
Arthropod hemocyanins form hexamers or oligo-hex-
amers of identical or related subunits with a molecular
mass of about 75 kDa [1,2]. In each subunit, O,-binding
is mediated by two Cu" ions, which are coordinated by
six histidine residues ("type III” copper binding site).
Based on biochemical, immunochemical and molecular
phylogenetic analyses, distinct hemocyanin subunit types
have been identified in Chelicerata, Myriapoda, Crusta-
cea and Hexapoda [3,7-12]. These subunits experienced

© 2012 Rehm et al; BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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an independent evolution within each of these taxa, with
the exception of a more complex pattern within the
Pancrustacea (Crustacea and Hexapoda) [13].

Within the chelicerates, biochemical analyses have
demonstrated the presence of hemocyanins in Xipho-
sura (horseshoe crabs), Scorpiones, Uropygi (whip scor-
pions), Amblypygi (whip spiders), and Araneae (true
spiders), but failed to identify these respiratory proteins
in Pycnogonida (sea spiders; Pantopoda), Solifugae (sun-
spiders) and Acari (mites and ticks) [8,10,11]. Complete
sets of hemocyanin subunit sequences are available from
the tarantula Eurypelma californicum (= Aphonopelma
hentzi) [14], the hunting spider Cupiennius salei [15],
the golden orb web spider Nephila inaurata [16] and
the horse shoe crab Carcinoscorpius rotundicauda (Gen-
Bank acc. nos. DQ090484-DQ090469). Chelicerate
hemocyanins are composed of up to eight distinct subu-
nit types and form either 1 x 6, 2 x 6, 4 x 6 or 8 x
6mers [10,11]. Each subunit type occupies a distinct
position within the native oligomer [7,17-21]. The subu-
nits have similar oxygen binding properties, but different
physico-chemical characteristics [22,23] and evolutionary
origins [3,14-16].

Xiphosurans (horseshoe crabs) have the largest hemo-
cyanin molecules known, consisting of 48 (8 x 6) subu-
nits and up to eight distinct subunits types in Limulus
polyphemus (6 x subunit type I, 8 x II, 2 x IIA, 8 x
IIIA, 8 x IIIB, 8 x IV, 4 x V, 4 x VI) [1,10,19,21]. Scor-
piones, Amblypygi, Uropygi, and some Araneae have 4
x 6mer hemocyanins. The 4 x 6mer hemocyanin of the
tarantula E. californicum is the best studied example
and comprises seven distinct subunit types (4 x a, 2 x b,
2xc 4xd, 4xe 4 xf and 4 x g-type subunits)
[7,10,11,23]. A similar subunit composition was found in
many other Araneae, the Amblypygi and the Uropygi
[8,10]. Among the Araneae, variations from this “stan-
dard” scheme have been found in the entelegyne spiders
of the RTA-clade (RTA = “retrolateral tibial apophysis”).
In this large taxon, 1 x 6mer and 2 x 6mer hemocya-
nins occur that consist only of g-type subunits, but have
lost the other six subunit types (a through f) present in
other Araneae [10,11,15]. Scorpion hemocyanins are
composed of eight subunit types named 2, 3A, 3B, 3C,
4, 5A and 5B [24]. Immunological and structural studies
have suggested the correspondence between the distinct
araneaen, scorpion and Limulus hemocyanin subunits
[10,11,17,25-27]. This indicates that the evolution of dis-
tinct subunit types preceded the separation of Xiphosura
and Arachnida.

To understand the evolution of the complex oligo-
meric structures of chelicerate hemocyanins, we have
obtained 16 novel cDNA sequences of hemocyanin sub-
units from a sea spider, a horseshoe crab, a whip scor-
pion and a whip spider. Together with the previously
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sequenced hemocyanins from horseshoe crabs, scorpions
and spiders, and those assembled from expressed
sequence tags (ESTs), 67 full length chelicerate subunit
sequences are available. These data allow us i. to trace
the hemocyanin subunit evolution, ii. to reconstruct the
emergence of the hemocyanin oligomers, and iii. to
infer chelicerate phylogeny and divergence times.

Methods

Sequencing of chelicerate hemocyanin cDNA

Full length coding sequences were available for the
hemocyanins of the tarantula E. californicum [14], the
mangrove horseshoe crab C. rotundicauda, the golden
orb web spider N. inaurata [16] and the hunting spider
C. salei [15] (Additional file 1). In addition, hemocyanin
primary structures had been obtained by conventional
amino acid sequencing from the horseshoe crab Tachy-
pleus tridentatus (TtrHcA; see Additional file 1 for the
abbreviations of the proteins) [28] and the scorpion
Androctonus australis (AauHc6) [29].

4,062 ESTs were generated from total RNA of the sea
spider Endeis spinosa (Pycnogonida) as described before
[30]. Gene ontology assessment and BLAST searches
identified six ESTs with significant similarities to arthro-
pod hemocyanins. Assembly of the ESTs resulted in a
single cDNA sequence. Two ¢cDNA clones from the ori-
ginal library were selected for sequencing by a commer-
cial service (GATC, Konstanz, Germany), which both
yielded identical sequences (acc. no. FR865911).

A cDNA library form the horseshoe crab L. polyphemus
(Xiphosura) total RNA was prepared and screened with
specific anti-Limulus-hemocyanin antibodies [21]. Four
complete hemocyanin cDNAs sequences were obtained by
primer walking. The cDNAs were assigned after transla-
tion to distinct subunits on the basis of known N-termini
[31], identifying subunits II, IIIa, IV and VI (acc. nos.
AM260213-AM260216). An additional hemocyanin cDNA
(coding for subunit I1IB) was identified from a set of ESTs
[30] and the complete coding sequence was obtained by
primer walking (acc. no. FR865912).

A CloneMiner (Invitrogen) cDNA library was con-
structed from total RNA of a female emperor scorpion
Pandinus imperator (Scorpiones) and submitted to 454
pyrosequencing [32], resulting in 428,844 high-quality
reads. Hemocyanin subunit sequences were deduced
from the assembled contigs (acc. nos. FN424079-
FN424086).

A single whip spider Euphrynichus bacillifer (Ambly-
pygi) was purchased from a commercial pet supplier. A
c¢DNA library was constructed employing the Mint Uni-
versal kit (Evrogen). 433,348 reads were obtained from
the cDNA by 454 pyrosequencing and the hemocyanin
sequences were deduced from the assembled contigs
(acc. nos. FR865913-FR865920).
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A single whip scorpion Mastigoproctus giganteus (Uro-
pygi) was purchased from a commercial pet supplier.
Total RNA was extracted and converted into a Mint
Universal cDNA library, from which 481,905 reads were
obtained by 454 pyrosequencing. Full length coding
sequences of hemocyanin subunits a, d, e, f, and g, as
well as partial sequences from subunits b and ¢ were
deduced from the assembled contigs. The missing frag-
ments of subunits b and ¢ were obtained by RT-RCR
employing gene specific primers. The cDNA fragments
were cloned into pGEM and sequenced. The final subu-
nit sequences have been submitted to the databases
under the accession numbers FR865920-FR865926.

Sequence assembly and analyses

The web-based tools provided by the ExPASy Molecular
Biology Server of the Swiss Institute of Bioinformatics
(http://www.expasy.org) were used for cDNA translation
and the analyses of amino acid sequences. A multiple
sequence alignment of the amino acid sequences of all
available arthropod hemocyanins and selected arthropod
phenoloxidases was constructed employing MAFFT 6 [33]
with the G-INS-i routine and the BLOSUM 45 matrix at
http://mafft.cbrc.jp/alignment/server/. A complete list of
sequences used in this study is provided in Additional file
1. For the phylogenetic inferences, signal peptides as well
as the N- and C-terminal extensions of some phenoloxi-
dases and hemocyanins were excluded from the multiple
sequence alignment. The final alignment comprised 143
sequences and 912 positions (Additional file 2).

Phylogenetic analyses

The most appropriate model of amino acid sequence
evolution (WAG + I' model; [34]) was selected with
ProtTest [35] using the Akaike Information Criterion.
Bayesian phylogenetic analysis was performed using
MrBayes 3.1.2 [36]. We assumed the WAG model with
a gamma distribution of substitution rates. Metropolis-
coupled Markov chain Monte Carlo sampling was per-
formed with one cold and three heated chains. Two
independent runs were performed in parallel for 4.5 mil-
lion generations until the average standard deviation of
split frequencies was < 0.01. Starting trees were random
and the trees were sampled every 100th generation. The
program Tracer 1.4 (http://tree.bio.ed.ac.uk/software/tra-
cer/) was used to examine log-likelihood plots and Mar-
kov chain Monte Carlo summaries for all parameters.
Posterior probabilities were estimated on the final
35,000 trees (burnin = 10,000). Trees were displayed
using the arthropod phenoloxidases as an outgroup [4].

Molecular clock calculations
The program PhyloBayes 3.3 was used for molecular clock
estimates [37], employing the MrBayes consensus tree as
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input. First three relaxed clock models, the lognormal
autocorrelated clock model (LOG) [38], the Cox-Ingersoll-
Ross process (CIR) [39] and uncorrelated gamma multi-
pliers (UGM) [40] were compared by tenfold cross-valida-
tion with eight replicates, as specified in PhyloBayes 3.3.
Rates across sites were modeled assuming a discrete
gamma distribution with four categories. Divergence time
priors were either uniform or modeled with a birth death
process. Node ages were calculated using either hard con-
strains, which do not allow calibrated nodes to fall outside
the calibration dates or soft bounds, which allows for
divergence times outside the calibration interval [37]. For
each of these settings rates across sites were modeled
assuming a discrete gamma distribution with four cate-
gories and a Dirichlet process. All calculations were run
for 50,000 (burnin 20,000) cycles.

The tree was calibrated with fossil constraints [41-43].
The maximum age for the separation of arthropod sub-
phyla and thus the maximum age of the origin of the
Chelicerata was set to the base of the Cambrian period
543 Ma ago (Ma). Stratigraphic information was
obtained from http://www.fossilrecord.net[44]. Numeri-
cal ages derive from the “International Stratigraphic
Chart” 2009 (http://www.stratigraphy.org) (Table 1).

Results

Hemocyanin sequences

A putative hemocyanin of the sea spider E. spinosa was
identified in the ESTs of this species [30]. The EspHcl
c¢DNA measures 2,104 bp and translates into a protein
of 631 amino acids with a predicted molecular mass of
72.2 kDa (Additional file 3). Full length cDNAs of five
hemocyanin subunits of the Atlantic horseshoe crab L.
polyphemus were obtained (LpoHcll, LpoHclIla, LpoH-
clllb, LpoHclV, LpoHcVI). The predicted L. polyphemus
hemocyanin subunits measure between 624 and 638
amino acids, with molecular masses of 72.3-73.4 kDa
(Additional file 3). Subunits I, ITa and V could not iden-
tified in the cDNA library [21] or in the ESTs [30].
Seven hemocyanin subunit are available from the man-
grove horseshoe crab C. rotundicauda, which corre-
sponds to the subunits I, II, IIIa, IIIb, IV, V, and VI
(acc. nos. DQ090484-DQ090490; Additional file 3).
Thus seven of the eight hemocyanin subunit types of
Xiphosura could be included in our analyses. The nature
of an eighth type identified exclusively in L. polyphemus
(IIa) and its exact topological position within the 4 x
6mer remains unclear. Its N-terminal sequence resem-
bles that of subunit IIla and it may occupy a homolo-
gous position in some hexamers [21,27,31].

454 pyrosequencing was employed to obtain ESTs
from the scorpion P. imperator [32], the whip spider E.
bacillifer (unpublished), the whip scorpion M. giganteus
(unpublished), the pseudoscorpion Chelifer cancroides
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Table 1 Calibration points used for relaxed Bayesian molecular clock analyses

Split Bounds Strata Fossils Reference
Max Min

Euchelicerata- 543 501 lower bound: first arthropods in Rusophycus; Benton 1993 [41], Crimes 1987 [45],
Pycnogonida the Early Cambrian Cambropycnogon Waloszek and Dunlop 2002 [46]

upper bound: base of Upper klausmuelleri

Cambrian
origin of Xiphosura 445 Late Ordovician Lunataspis aurora Rudkin et al. 2008 [47]
origin of Scorpiones 428  Silurian Allopalaeophonus Dunlop 2010 [43]

caledonicus

Mygalomorphae- 3827 240 lower bound: Grés a meules, upper Rosamygale grauvogeli; Selden and Gall 1992 [48], Selden et al.
Araneaomorphae Buntsandstein, Trias; Attercopus fimbriunguis 2008 [49]

upper bound: Givetian, middle
Devonian

(unpublished), the sun spider Gluvia dorsalis (unpub-
lished) and the harvestman Phalangium opilio (unpub-
lished). Hemocyanin sequences were identified in E.
bacillifer and M. giganteus, but not in P. opilio (474,081
reads), G. dorsalis (425,934 reads) or C. cancroides
(443,697 reads). In both, E. bacillifer and M. giganteus
seven hemocyanin sequences were found, which are
orthologous to E. californicum hemocyanin subunits a-g
(Figure 1). The predicted proteins measure between 621
and 639 amino acids, with molecular masses of 71.2-
73.7 kDa (Additional file 3).

The publicly available chelicerate ESTs were searched
for hemocyanin sequences using the tblastn algorithm
(4 November 2011). We identified hemocyanin
sequences in the ESTs from the tarantula Acanthoscur-
ria gomesiana (see below), the hunting spider C. salei
(two ESTs), the orb web spider Nephila antipodiana
(two ESTs) and the tarantula Aphonopelma sp. (one
EST). A total of 173 ESTs from the house spider Para-
steatoda tepidariorum display significant similarities to
hemocyanin and represent all seven subunits (a-g) found
in other Araneae. However, none of the ESTs from C.
salei, N. antipodiana, Aphonopelma sp. or P. tepidar-
iorum could be assembled to a complete coding
sequence and therefore these sequences were not
included in our analyses. Lorenzini and colleagues
obtained 6,790 ESTs from a hemocyte library of A.
gomesiana [50]. A total of 463 ESTs display significant
similarities with hemocyanin, as identified by BLAST
searches. These sequences were assembled into eight
contigs. On the basis of similarity searches, seven subu-
nits were assigned to arachnid hemocyanin subunits a-g
(Additional file 3). The eighth putative hemocyanin
sequence (tentatively named AgoHcX) has no obvious
ortholog among the chelicerate hemocyanin subunits.

Phylogeny of chelicerate hemocyanin subunits
Bayesian phylogenetic analyses show that the hemocya-
nins tree basically follows the accepted arthropod

relationships on the level of the subphyla (Figure 1).
The euarthropods split in the two sister groups Cheli-
cerata and Mandibulata; though, the clade comprising
the hemocyanins of the Mandibulata (Myriapoda + Pan-
crustacea) is poorly supported (Bayesian posterior prob-
ability 0.58). Myriapod and pancrustacean hemocyanins
each are monophyletic, whereas the crustacean hemo-
cyanins are not because the remipede hemocyanins were
found more closely related to those of the insects than
to the malacostracan hemocyanins [13].

Chelicerate hemocyanins are monophyletic (Bayesian
posterior probability = 1.0). The lineage leading to the
hemocyanin subunit from the sea spider E. spinosa
(EspHcl) diverges first. Within the euchelicerate hemo-
cyanins, four well-supported clades of distinct subunit
types were identified (clades 1-4; Bayesian posterior
probabilities > 0.99). Clade 1 is the first branch within
the euchelicerate hemocyanins and is formed by the ara-
chnid b/c-type and xiphosuran V/VI-type subunits.
These subunits facilitate the inter-hexamer contacts
within the 4 x 6mer, as well as between the 2 x 6mer
half-structures [1,21]. While the xiphosuran subunits V
and VI form a common monophyletic clade, the ara-
chnid hemocyanin subunits ¢ do not. Here, the
sequence of the putative c-subunit of the whip spider E.
bacillifer (EbaHc-c) was found more diverged, mirrored
by its basal position within the b/c clade.

Clade 2 comprises the arachnid a-type and the xipho-
suran type II subunits. In agreement with immunologi-
cal studies with the scorpion A. australis [17], the
scorpion P. imperator has two a-type subunits, of which
PimHc3A groups with a basal position to the other ara-
chnid a-type subunits, while the position of PimHc3B is
not well resolved. Note that subunit 3B represents a
unique feature of scorpions that does not occur in the
other arachnid hemocyanins.

The common clade that includes the remaining euche-
licerate subunits received 0.99 Bayesian support. This
clade splits into two sub-clades, leading to arachnid
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Figure 1 Phylogenetic tree of the chelicerate hemocyanin subunits. The numbers at the nodes represent Bayesian posterior probabilities
estimated with the WAG model of amino acid substitution. The species abbreviations are: Aau, Androctonus australis; Ago, Acanthoscurria
gomesiana; Cro, Carcinoscorpius rotundicauda; Csa, Cupiennius salei; Eba, Euphrynichus bacillifer; Eca, Eurypelma californicum; Esp, Endeis spinosa;
Lpo, Limulus polyphemus; Mgi, Mastigoproctus giganteus; Nin, Nephila inaurata; Pim, Pandinus imperator; Ttr, Tachypleus tridentatus. The bar
represents 0.1 expected substitutions per site. See Additional file 1 for abbreviations of the proteins

| Pancrustacean Hc

subunits d and f, and xiphosuran subunits IIIb and 1V,
on the one hand (clade 3), and arachnid subunits e and
g, and xiphosuran subunits I and IIla, on the other
(clade 4). Within the arachnid d/f and e/g subtrees,
respectively, the observed subunit relationships essen-
tially mirror the expected phylogeny of the species,
although the positions of the scorpion subunits are
somewhat ambiguous (notably PimHc2). The HcX
sequence, which had only been identified in A. gomesi-
ana, is included in the d/f-clade, a position that is con-
firmed by pairwise comparisons, revealing that AgoHcX
displays the highest sequence similarity to the arachnid
f-subunits (not shown). Exclusion of AgoHcX from the

phylogenetic analyses results in the same topology as
described here, but Bayesian support slightly increased
throughout the tree (Additional file 4).

Entelegyne spiders of the RTA-clade, such as C. salei,
are known to diverge from the arachnid standard scheme
of 4 x 6mer hemocyanins and to possess a mixture of 1 x
6mers and 2 x 6mers [10,11,18]. In agreement with pre-
vious studies [15], we found that the C. salei hemocyanin
subunits all belong to the arachnid g-type, whereas the
other six types (a-f) appear to have been lost during the
evolution of this taxon. The C. salei hemocyanin subunits
consistently group with the subunit g of N. inaurata, an
entelegyne spider with a 4 x 6mer hemocyanin.
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Molecular clock analyses of chelicerate hemocyanins

A timescale of chelicerate hemocyanin evolution was
inferred on the basis of the chelicerate hemocyanins
described above. Due to the divergent evolutionary rates
(cf. Figure 1), we excluded the hemocyanin sequences of
Onychophora, Myriapoda, Crustacea and Hexapoda, as
well as the phenoloxidases. Cross-validation shows that
that the uncorrelated gamma clock model (UGM) fits
better than the log-normal model or the CIR process.
The cross-validation score of UGM vs. log-normal was
6.4625 +/- 18.8999 and of UGM vs. CIR 5.8125 +/-
21.1925. Further support comes from a comparison of
the calculated divergence times of different orthologous
subunit pairs (e.g., EcaHc-a vs. NinHc-a compared to
EcaHc-d vs. NinHc-d), which are most similar under
UGM. Thus UGM was applied in our calculations. The
time estimates with soft bounds and hard bounds were
similar, with estimates being on average ~5% older
when using hard bounds (Additional file 5 and Addi-
tional file 6). No notable difference was observed
between the results obtained with rates modeled with
the Dirichlet process or with a discrete gamma distribu-
tion (< 0.1% mean difference).

The divergence times resulting from the estimates
obtained with soft bounds, a birth death process and
rates modeled with the Gamma distribution are dis-
played in Figure 2 (see Additional file 5). We applied
five calibration points, which correspond to four upper
(minimum) and two lower (maximum) bounds derived
from the fossil record (Table 1). Subunits with uncer-
tain orthology were ignored. We first calculated the
divergence times of the distinct subunit types in Ara-
chnida and Xiphosura (Figure 2A). The earliest split of
euchelicerate hemocyanins is formed by the clade of
arachnid b/c and xiphosuran V/VI-type subunits,
which occurred ~540 Ma. Within this clade, the exact
arrangement of the three clades consisting of i. ara-
chnid b-type subunits, ii. arachnid c-type subunits and
xiphosuran V/VI-type subunits is not well resolved
(Figure 1), which is reflected by a rapid diversification
437-453 Ma. Xiphosuran subunits V and VI separated
~169 Ma. The a-type subunits, which include the
xiphosuran subunit II, split ~536 Ma, followed by the
four clades defined above, consisting of arachnid subu-
nits d/f, arachnid e/g, xiphosuran I/IIIa, and xipho-
suran IIIb/IV subunits, which commenced to diversify
~509 Ma. Arachnid d- and f-type subunits split ~441
Ma, arachnid e- and g-type subunits ~467 Ma. Separa-
tion events within the xiphosuran subunits (I vs. Illa
and IIIb vs. IV) occurred 304 and 309 Ma, respectively.
In subsequent analyses, the hemocyanin sequences
were employed to estimate chelicerate divergence
times (Figure 2B, see below).
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Hemocyanin-derived phylogeny of Chelicerata

We specifically studied the relationships among chelice-
rate taxa by concatenating the seven orthologous hemo-
cyanin subunit sequences, representing spider subunits
a-g, into a single sequence alignment. Clear orthologs
were available for E. californicum, A. gomesiana, N.
inaurata, E. bacillifer, and M. giganteus, respectively.
There is no c-type subunit in N. inaurata, which was
coded as missing data. P. imperator has two a-type sub-
units (PimHcIIIA and PimHcIIIB), of which we selected
PimHCcIIIA on the basis of its closer relationship to ara-
neaen a-type subunits. In case of C. rotundicauda, clear
orthology assessment was only possible for subunit a
(see above). We assigned CroHcV and VI to b and c,
CroHclIIb and IV to d and f, and CroHclI and Illa to e
and g-subunits. In a second approach, we exchanged
these sequences. Because the single E. spinosa hemocya-
nin subunit constitutes a conclusive outgroup for all
seven subunit types (Figure 1), seven copies of this
sequence were concatenated.
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Bayesian phylogenetic analyses were applied and the
sea spider E. spinosa was used as outgroup (Figure 3.3).
All nodes displayed a Bayesian support of 1.0 and there
was no effect of an exchange of the ambiguous subunits
from C. rotundicauda. The Xiphosura (C. rotundicauda)
are the sister taxon of the Arachnida. Within the Ara-
chnida, the scorpion P. imperator diverged first. Whip
spiders (Amblypygi) and whip scorpions (Uropygi) form
a common clade (Pedipalpi). The Pedipalpi form the sis-
ter taxon of the Araneae, represented by the mygalo-
morph spiders E. californicum and A. gomesiana on the
one hand, and the entelegyne spider N. inaurata on the
other.

According to the molecular clock calculations (see
above), the hemocyanins of Pycnogonida and Euchelicer-
ata diverged ~543 Ma (Figure 2B). Considering the differ-
ent orthologous subunits, xiphosuran and arachnid
hemocyanins separated between 444 to 489 Ma (mean

462 Ma). We calculated that the orthologous hemocyanin
subunits of Scorpiones and Tetrapulmonata (i.e. Araneae
+ Pedipalpi) split ~419 Ma (405-440 Ma). Within the
scorpions, P. imperator (lurida) and A. australis
(Buthida) separated ~221 Ma. The hemocyanins of Pedi-
palpi and Araneae diverged ~369 Ma (357-414 Ma),
those of Amblypygi and Uropygi 334 Ma (316-344 Ma).
Within the Araneae, hemocyanins of N. inaurata (Entele-
gynae) and the Mygalomorphae (E. californicum + A.
gomesiana) diverged ~271 Ma (254-288 Ma). The hemo-
cyanins of E. californicum and A. gomesiana split 30 Ma
(21-35 Ma). N. inaurata subunit g and the C. salei hemo-
cyanins separated ~239 Ma; the xiphosurans L. polyphe-
mus and C. rotundicauda diverged ~62 Ma (56-67 Ma).

Discussion
Hemocyanin subunits assemble into hexamers, which
may form quaternary structures comprising up to 8 x
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6mers [1]. The evolutionary advantage of large oligo-
mers presumably lies in a higher O,-carrying capacity
per mol and higher cooperativity, which also enhances
the O, transport, combined with a low viscosity and a
low colloid-osmotic pressure of the hemolymph. The
phylogenetic tree permits inferring the origins and mod-
ifications of these complex protein structures in the
chelicerates.

The presence of only a single subunit in E. spinosa
along with its basal position in the tree suggests that
early chelicerate hemocyanins had a simple, homo-hex-
americ structure (Figure 4). This hypothesis is supported
by the independent emergence of hemocyanin oligo-
hexamers in the other arthropod subphyla, which hints
to more simple hemocyanins in the last common
arthropod ancestor [1,3].

Early emergence of euchelicerate hemocyanin oligomers

The phylogenetic analyses demonstrate that the early
euchelicerate hemocyanin, which was already used for
O, supply in the last common ancestor of the arachnids
and the xiphosurans more than 445 Ma, was composed
of at least four distinct subunit types. These subunits
were the ancestors of the subunits represented in clades
1-4, respectively (Figure 1 and 2A). According to our
phylogenetic reconstruction, clade 1, which includes ara-
chnid b/c and xiphosuran V/VI subunits, diverged first.
Both b/c and V/VI-subunits form heterodimers, which
are responsible for the contacts between the hexamers
[1,7,17,21,31]. Thus the emergence of clade 1-subunits
was most likely associated with the organization of the
first oligo-hexameric hemocyanin (Figure 4). This event
must have taken place very early in the evolution of

Xiphosu& )

8x6mer

1x6mer

subunit type

ancestral
euchelicerates

2
7-8 subunit types.
independent

4 subunit
n types

dx6mer

types 3rd gene

duplicatiol

2" gene
duplication

Figure 4 Scheme of hemocyanin evolution in Chelicerata. Color
code: black/white, subunit clade 1 (b/c/V/VI); green, subunit clade 2
(a/1); medium blue, subunit clade 3 (d/f/lllb/IV); orange, subunit
clade 4 (e/g/\/llla); light blue, d/IV; dark blue /11162, yellow, g/llla;
red, e/l. See text for further details and explanations.
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euchelicerates, and may be associated with significant
morphological and physiological changes. We calculated
that the corresponding gene duplication occurred ~540
Ma (Figure 2A). It may be speculated that first a 2 x
6mer consisting of two distinct subunit types evolved.
Such dodecamers occur today in various crustaceans
[1,10] and in the spiders of the RTA-clade [15,18].
Alternatively, this gene duplication has already resulted
in a typical chelicerate 4 x 6mer, which is stabilized
exclusively by a central tetrameric ring of clade 1 subu-
nits. Notably, stable 4 x 6mers were obtained in hybrid
reassembly experiments from mixtures of a clade 1 het-
erodimer as “linker” and another subunit type as “hex-
amer former” [51]. These experiments convincingly
worked with scorpion heterodimer 5B-3C plus L. poly-
phemus subunit II, tarantula heterodimer b-c plus scor-
pion subunit 4, and Limulus heterodimer V-VI plus
scorpion subunit 4.

The next step in evolution was the separation of clade
2 from the remaining subunits ~536 Ma. Clade 2
includes arachnid subunit a and xiphosuran subunit II.
With the exception of PimHc3B (which exclusively
occurs in scorpions), the a-subunits follow the expected
phylogeny of the euchelicerates. In the hemocyanin qua-
ternary structure, subunit a/II is located at the inter-
hexamer interface of the basic 2 x 6mer [21]. It may
therefore be speculated that this step was required not
only for stabilization of the 4 x 6mer hemocyanin, but
also for improving cooperativity (Figure 4).

An additional gene duplication event, which may have
taken place ~510 Ma, long before the arachnid-xipho-
suran split, gave rise to both, clade 3, consisting of ara-
chnid subunits d and f, and xiphosuran subunits IIIb
and IV, and clade 4, comprising arachnid subunits e and
g, and xiphosuran subunits I and IIla. Even though this
largely is in accordance with previous comparative
immunochemical studies [10,11,25,27], a common origin
of subunits e and I, d and 1V, f and IlIb, and IIla and g,
respectively, as proposed before [10,26], can now be
excluded.

The separation of the arachnid subunits d and f, and e
and g, respectively, occurred before scorpions and spi-
ders diverged. Thus the last common ancestor of all ara-
chnids had a 4 x 6mer of seven subunits that were
similar to subunit types a-g, demonstrating the evolu-
tionary success of this conserved structure, which has
remained essentially unchanged for more than 450 Ma.

Independent but parallel evolution of hemocyanin
oligomers in Xiphosura and Arachnida

In horseshoe crabs, a large 8 x 6mer evolved. Although
cooperativity is not further enhanced by this step, it
might have been required for reducing the osmotic pres-
sure and the viscosity of the hemolymph [1]. Notably,



Rehm et al. BMC Evolutionary Biology 2012, 12:19
http://www.biomedcentral.com/1471-2148/12/19

the duplication of the subunits corresponding to ara-
chnid b and ¢ (i.e., V and VI), d and f (IIIb and IV) and
e and g (I and IIla) occurred independently and the
separation of xiphosuran subunits occurred more than
150 Ma later. Nevertheless, a comparable subunit diver-
sity evolved: Six distinct subunit types for each topologi-
cal position within the hexamer, plus a heterogeneity of
the central linker unit to form an asymmetric 2 x 6mer.
Consequently, today both arachnid and xiphosuran
hemocyanins consist of seven distinct subunits (plus an
independently evolved eighth subunit in L. polyphemus
[IIa] and the scorpions [3B]), but only subunits a and II
(clade 2) are one-to-one-orthologs. Thus, there was an
evolutionary pressure to maximize the distinctiveness of
subunits within the hemocyanin hexamer, which may be
explained by better regulatory properties.

Evolution of the arachnid hemocyanins

As outlined above, the principal structure of the early
arachnid hemocyanin was most likely a 4 x 6émer (Fig-
ure 4). Previous immunological and structural investiga-
tions identified orthologs between scorpions and spiders
(Araneae) [10,11,17,24,25,27]. The phylogenetic tree
(Figure 1) shows that these studies were essentially cor-
rect. We should also note that in our previous phyloge-
netic analyses, the subunit AauHc6 was assigned to the
araneaen g-type subunits [16], while on the basis of the
structural and immunological similarities AauHc6 was
homologized with e-type subunits [29]. The new tree,
which includes more sequences, suggests that the pro-
tein-based studies were correct and AauHc6 is indeed
an e-type subunit.

The 4 x 6mer structure is present in the mygalo-
morph spiders (E. californicum and A. gomesiana), and
is found also in many Entelegynae (eight-eyed spiders; e.
g., N. inaurata) [10,14,16]. The entelegyne spiders of the
RTA-clade, however, diverge from this standard scheme
and have a mixture of 1 x 6mer and 2 x 6mer hemocya-
nins [10,15,18,25]. This hemocyanin type is built by six
distinct g-type subunits, with subunit CsaHcl (see Fig-
ure 1) forming the inter-hexamer bridge within the 2 x
6mer molecules [15]. This suggests a loss of the other
six subunit types (a-f) during evolution. Thus the ances-
tor of RTA-clade spiders most likely had a simple hex-
americ hemocyanin, exclusively built by g-type subunits.
Some 170 Ma, the reconstruction of a more complex
hemocyanin type commenced. This might be explained
by physiological and behavioral changes that e.g.
required a higher oxygen capacity in the hemolymph
and/or a hemocyanin with a higher cooperativity.

There is little information about the subunit AgoHcX,
which is only known from the ESTs of A. gomesiana
[50]. Phylogenetic analyses place the protein with a long
branch at the base of the arachnid d/f-subunit clade.
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The fact that the AgoHcX sequence was found in ESTs
and does not display any nonsense mutation suggests
that this unique hemocyanin-like protein is translated
into a functional protein. However, it is neither known
whether HcX is restricted to certain taxa (e.g., the myga-
lomorph spiders) nor whether it is component of the
hemocyanin oligomer. The latter seems to be unlikely
because of its derived sequence. In addition, no evidence
for HcX was found in the hemocyanin of the closely
related tarantula E. californicum, despite more than 30
years of research.

Absence of hemocyanin in some chelicerate taxa
Notably, some arachnids do not have hemocyanin or
any other O,-transport protein in their hemolymph.
Despite the large number of ESTs obtained, no hemo-
cyanin sequences were detected in the harvestman P.
opilio (Opiliones), the pseudoscorpion C. cancroides
(Pseudoscorpiones) and the sun spider G. dorsalis (Soli-
fugae). This observation essentially agrees with previous
findings [10,11,26], with the exception that Kempter et
al. [26] suggested the presence of a dodecameric hemo-
cyanin in the harvestman Leiobunum limbatum. How-
ever, re-evaluation of the original data and new
experiments suggest that the protein in question may
actually be a vitellogenin-like, di-tetrameric protein (not
shown), similar to those found in other arachnids [8]. In
this context, we would also like to note that in contrast
to previous suggestions [10], the haplogyne spider Dys-
dera does not possess a 1 x 6mer hemocyanin. A recent
reinvestigation of a number of individuals demonstrated
that Dysdera lacks any hemocyanin, but express a tetra-
meric non-respiratory protein (not shown). We formally
cannot exclude that hemocyanins are present in other
species of these taxa or are expressed only under certain
environmental conditions. However, we consider such
scenario unlikely because such specific expression is not
observed in other chelicerates. In addition, no evidence
for hemocyanin was found in the 394,960 ESTs or the
available genomic sequences of Acari. Thus mites and
ticks most likely lack hemocyanin as well.

Opiliones, Pseudoscorpiones and Solifugae are apul-
monate arachnids. The absence of hemocyanin may be a
synapomorphic character and an indication for a close
relationship of these taxa, which agrees with some char-
acter-based phylogenetic studies [52,53] (see below).
Morphological and/or physiological characteristics may
have rendered a respiratory protein unnecessary. Nota-
bly, apulmonate arachnids do not breathe through book
lungs, but possess trachea, which may be sufficient to
support the aerobic metabolism. The hemocyanin-less
Acari (mites and ticks) are usually small and also have
trachea [54]. By contrast, spiders, scorpions, whip spi-
ders, whip scorpions have book lungs, which are filled
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with hemolymph and which may limit O, consumption.
Here, hemocyanin may be required for efficient O,
uptake and distribution.

Implications for chelicerate phylogeny

Hemocyanin sequences have been successfully used to
infer arthropod phylogeny [3,4,12,15,16,55-57]. Tradi-
tionally, Chelicerata were considered as the sister group
of the Mandibulata, a taxon that comprises Myriapoda,
Crustacea and Hexapoda [58]. However, several molecu-
lar phylogenetic studies have provided evidence for a
common clade of Myriapoda and Chelicerata ("Myrio-
chelata” or “Paradoxopoda” hypothesis; e.g., [59-62]).
Morphological evidence is poor and restricted to simila-
rities of neurogenesis [63], which may, however, also
represent a plesiomorphic state. In our study, we
received some support for the monophyly of Mandibu-
lata, which agrees with previous studies employing
hemocyanin sequences [9], as well as other molecular
approaches [64,65].

The relationship among the major chelicerate lineages
is controversial. Phylogenetic trees derived from the
hemocyanin subunit sequences (Figure 1) or the conca-
tenated alignment (Figure 3) can also be used to deduce
the relative position of some chelicerate taxa, while
others cannot be considered due to the lack of hemo-
cyanin (Acari, Opiliones, Pseudoscorpiones, Solifugae).
Notably, Weygoldt and Paulus [52] suggested a taxon
“Apulmonata”, which joins Solifugae, Opiliones, Pseu-
doscorpiones, Acari, Ricinulei (hooded tickspiders), and
Palpigradi (microwhip scorpions). Palpigradi and Ricinu-
lei were not available for our studies. However, the
absence of hemocyanin in Acari, Opiliones, Pseudoscor-
piones and Solifugae tentatively supports monophyletic
“Apulmonata”.

Morphological and molecular studies have placed the
pycnogonids (sea spiders) either as sister group of the
Euchelicerata [59,66], nested within the Chelicerata [67],
or considered them as the sister group of all other Euar-
thropoda ("Cormogonida” hypothesis; [68]). Our phyloge-
netic tree (Figure 1) strongly supports the inclusion of
the Pycnogonida in the Chelicerata as sister group of the
Euchelicerata. This position is also tentatively supported
by the hemocyanin mono-hexamer and is in line with
recent neuroanatomical studies, which demonstrated the
homology of deuterocerebral appendages of Pycnogonida
and Euchelicerata [69]. An ingroup position of the Pyc-
nogonida with the Arachnida, as deduced from complete
mitochondrial DNA sequences [70,71] is not supported
by our data and should be considered unlikely.

In agreement with morphological considerations and
most previous molecular phylogenetic studies, the
Xiphosura form the sister group of the Arachnida.
Within the arachnids, the relative positions of
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Scorpiones, Araneae, Uropygi and Amblypygi are con-
troversial [66]. We found monophyletic Tetrapulmonata
(Araneae, Uropygi, and Amblypygi), which is the sister
group of the scorpions. In previous phylogenetic ana-
lyses, the relative position of the taxa Araneae, Ambly-
pygi and Uropygi has been controversial. While some
morphological studies favor a sister group relationship
between Araneae and Amblypygi, forming the taxon
Labellata [66,72], others support a common taxon
referred to as Pedipalpi, which comprises the Uropygi
and Amblypygi [73]. The latter view is supported by our
molecular phylogenetic trees. This finding holds for the
tree derived from the concatenated alignment (Figure 3)
as well as for most analyses of single subunits (Figure
1), with the exception of an unusual position of E. bacil-
lifer subunit c¢ and unresolved relationships among the
subunits e.

The fossil record of chelicerates is far from being
complete, but still allows the estimation of the evolu-
tionary history of this taxon [42,43]. The true origin of
the chelicerates is currently uncertain, but dates back at
least to the early Cambrian period [43]. We calculated
that the first split within the chelicerates occurred 542
Ma (Figure 2B). This slightly predates the earliest stem-
line chelicerates, which derive from the Lower Cambrian
Maotianshan Shale some 530 Ma [74]. The first putative
pycnogonid derives from the Orsten fauna ~500 Ma
[46], the oldest xiphosuran fossil was found in a Late
Ordovician Lagerstitte and dates ~445 Ma [47] and the
first unambiguous arachnid is a ~428 Ma old Silurian
scorpion [42,43]. These dates are actually close to our
molecular clock estimates (463 and 420 Ma, respectively;
Figure 2B). The first fossils of true spiders, whip spiders
and whip scorpions were found in Carboniferous strata,
which are 310-320 Ma old, although the Tetrapulmo-
nata are probably of Devonian origin [43]. Our calcula-
tions confirm this notion and date the origin of the
clade leading to Tetrapulmonata 369 Ma. The oldest
opisthothele fossil (modern spiders) is a mygalomorph
spider dating 240 Ma, while the oldest representative of
the sistergroup Araneomorphae (web-building spiders)
is of early Cretaceous origin [43]. We calculated the ear-
liest divergence within the Araneae 271 Ma, which is
somewhat older.

The most successful subgroup within the Araneomor-
phae are the Entelegynae, which are subdivided into the
Orbicularidae and the spiders of the RTA clade. The
lower bound of divergence of the Orbicularidae (e.g., N.
inaurata) and the RTA-clade (C. salei) is a net from an
orbicularian spider from the early Cretaceous period,
some 140 Ma. We calculated that the formation of the
Cupiennius-type hemocyanin commenced about 171
Ma, which should be considered as the lower bound for
the time of emergence of the RTA-clade.
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Conclusions

Our results clearly demonstrate that chelicerate hemo-
cyanin structure is conservative, but also allows innova-
tions. There is little doubt that hemocyanin evolution
commenced as a hexamer with a single subunit type, as
present today in the sea spider. The first hemocyanin
oligo-hexamer emerged early in euchelicerate evolution,
probably associated with the demand for better oxygen
supply. Gene duplications led to the formation of a 4 x
6mer hemocyanin in early euchelicerates, which was
structurally retained in the arachnids. In xiphosurans,
however, an 8 x 6mer hemocyanin built from two identi-
cal 4 x 6mers emerged. Although in both arachnids and
xiphosurans at least two additional but independent sub-
unit duplications occurred, the architecture of the 4 x
6mer has remained conserved in most taxa for more than
450 Ma. Only in the spiders of the RTA-clade, gene
losses and independent duplications gave rise to a novel
hemocyanin version, as exemplified by the 2 x 6mer
hemocyanin of C. salei. Again changing physiological
demands may have been the cause for these events. The
conservative structure of hemocyanins makes them an
excellent marker to trace chelicerate evolution, which is
only limited by the absence of hemocyanin in some taxa.
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Abstract

Background: Published nucleotide sequence data from the mega-diverse insect order Hymenoptera (sawflies, bees, wasps,
and ants) are taxonomically scattered and still inadequate for reconstructing a well-supported phylogenetic tree for the
order. The analysis of comprehensive multiple gene data sets obtained via targeted PCR could provide a cost-effective
solution to this problem. However, oligonucleotide primers for PCR amplification of nuclear genes across a wide range of
hymenopteran species are still scarce.

Findings: Here we present a suite of degenerate oligonucleotide primer pairs for PCR amplification of 154 single-copy
nuclear protein-coding genes from Hymenoptera. These primers were inferred from genome sequence data from nine
Hymenoptera (seven species of ants, the honeybee, and the parasitoid wasp Nasonia vitripennis). We empirically tested
a randomly chosen subset of these primer pairs for amplifying target genes from six Hymenoptera, representing the families
Chrysididae, Crabronidae, Gasteruptiidae, Leucospidae, Pompilidae, and Stephanidae. Based on our results, we estimate that
these primers are suitable for studying a large number of nuclear genes across a wide range of apocritan Hymenoptera (i.e.,
all hymenopterans with a wasp-waist) and of aculeate Hymenoptera in particular (i.e., apocritan wasps with stingers).

Conclusions: The amplified nucleotide sequences are (a) with high probability from single-copy genes, (b) easily generated
at low financial costs, especially when compared to phylogenomic approaches, (c) easily sequenced by means of an
additionally provided set of sequencing primers, and (d) suitable to address a wide range of phylogenetic questions and to
aid rapid species identification via barcoding, as many amplicons contain both exonic and fast-evolving intronic
nucleotides.
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Introduction genes in species of interest could close the gap between the two
approaches and could be a viable alternative to both of them.

Targeted amplification of single-copy genes is still a cornerstone Here, we present such a suite of PCR primers for amplifying

of molecular phylogenetics despite the emergence of phylogenomic
approaches analyzing transcriptome data and entire genomes.
PCR approaches have focused primarily on mitochondrial genes,
rRNA, and a restricted number of nuclear genes [1-4]. The
phylogenetic analysis of a set of these standard genes and the study
of phylogenomic data both have their pros and cons: the few
standard genes are comparatively easy to amplify across a wide
range of species, but their phylogenetic signal may be insufficient
to answer the research question(s) of interest. In contrast,
phylogenomic approaches provide a plethora of nucleotide
sequence data and facilitate addressing difficult phylogenetic
questions. However, phylogenomic approaches are (still) expensive
and may require specially treated sample material (e.g., for
preservation of RNA), which means that material from most
scientific collections cannot be used. Degenerate oligonucleotide
PCR primers designed to amplify a large set of single-copy nuclear

single-copy nuclear genes from Hymenoptera (sawflies, bees,
wasps, and ants).

Hymenoptera are one of the mega-diverse insect orders and
encompass more than 125,000 described species, many of which
have key functions in ecosystems and are of fundamental
economical, agricultural, and medical importance [5]. Given this
importance, it is surprising how few molecular markers are
currently in use for phylogenetic and evolutionary studies of
Hymenoptera (e.g., [6-9]). Even the most recent comprehensive
phylogenetic investigation of Hymenoptera used a PCR approach
that targeted only four genes (18S, 28S, EFla, COXI1) [4]. Many
important nodes in the resulting phylogeny are not robust,
indicating that more nucleotide sequence data are required to
answer these and other fundamental phylogenetic questions
involving Hymenoptera. Additionally, only two phylogenomic
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studies have been published that analyze EST data from
Hymenoptera, both with very limited taxon samples [10,11].
Peters and colleagues [12] combined all published sequence data
of Hymenoptera for a comprehensive phylogenetic analysis. This
study revealed that only about ten molecular markers are
frequently used to tackle phylogenetic questions in the Hymenop-
tera. These markers have undoubtedly given important insights
into the evolutionary history of this group. Nonetheless, their
limited phylogenetic signal has also left many difficult and
longstanding phylogenetic questions unresolved.

Genome sequence data offer new opportunities to establish
markers for phylogenetic and evolutionary studies. This strategy
has already successfully been pursued for fungi [13]. In
Hymenoptera, nine genomes have been published (seven ants
[14-19]; honeybee [20]; parasitoid wasp [21]). These genomes
offer a rich and unexploited library of molecular markers for
phylogenetic analyses.

There are three major advantages of establishing molecular
markers for phylogenetic analyses from sequenced genomes
compared to traditional approaches and to the exploration of
EST data: (a) the ability to reliably assess the orthology of genes;
(b) the ability to assess the probability of obtaining undesired
secondary PCR products; and (c) the availability of gene models
that inform about the position and length of introns and exons.
One-to-one orthologous (single-copy) protein-coding genes can be
identified with high confidence using orthology assessment
software such as OrthoMCL [22]. When restricting oligonucleo-
tide primer design to single-copy genes, the risk of accidentally
sequencing pseudogenes and other paralogous genes is greatly
reduced. If the main interest of a study lies in amplifying fast
evolving sites, for example to address relationships within species
or among closely related species, it is possible to focus on PCR
primer pairs that maximize the amount of intronic sites in the
PCR product. This kind of information cannot be inferred from
EST data.

We present a suite of new degenerate oligonucleotide primers
that are expected to amplify single-copy nuclear protein-coding
genes in a taxonomically wide array of apocritan Hymenoptera
(i.e., Hymenoptera with a wasp-waist). This linecage of Hymenop-
tera comprises the vast majority (>95%) of hymenopteran species
[5]. We provide detailed primer statistics and a PCR protocol for
rapidly assessing the functionality of primer pairs, and we show
results from empirically testing ten randomly selected primer pairs
on DNA from six Hymenoptera species, representing the families
Chrysididae, Crabronidae, Gasteruptiidae, Leucospidae, Pompili-
dae, and Stephanidae. The targeted molecular markers can be
used to address a wide range of phylogenetic and/or comparative
evolutionary questions, may prove valuable for rapid species
identification via barcoding, and can be easily generated at low
financial costs.

Methods

Search for and Annotation of 1:1 Orthologous Genes
We searched for orthologous genes in the genomes of nine
Hymenoptera: a parasitoid wasp (Nasonia vitripennis; Pteromalidae;
assembly 1.0; OGS 1.2) [21], the honeybee (Apis mellifera; Apidac;
assembly 2.0; OGS pre-release 2) [20], Jerdon’s jumping ant
(Harpegnathos saltator; Formicidae: Ponerinae; assembly 3.3; OGS
3.3) [14], the Argentine ant (Linepithema humile; Dolichoderinae;
assembly 1.0; OGS 1.1) [15], the Florida carpenter ant (Camponotus
Sloridanus; Formicinae; assembly 3.3; OGS 3.3) [14], the red
harvester ant (Pogonomyrmex barbatus; Myrmicinae; assembly 3.0;
OGS 1.1) [16], the red fire ant (Solenopsis invicta; Myrmicinae;
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assembly 1.0; OGS 2.2) [17], and two leaf-cutter ants (dita
cephalotes; Myrmicinae; assembly 4.0; OGS 1.1;  Acromyrmex
echinatior; Myrmicinae; assembly 1.0; OGS 1.0) [18,19].

Orthology of proteins between the nine genomes was inferred
using a graph-based approach as implemented in OrthoMCL 2.0
[22]. This approach has been shown to have reasonably low false
positive and false negative rates among the available methods to
estimate gene orthology [23]. We only used sequence pairs from
the ‘orthologs.txt” output file for Markov clustering. The inflation
value was set to 1.5. Finally, we extracted sets of 1:1 orthologs from
the final OrthoMCL output file with the aid of a custom-made
Perl script. The amino acids in each set of 1:1 orthologous proteins
were aligned with MAFFT 6.833b [24,25] using the ‘L-INS-I’
alignment strategy. Note that we replaced the amino acid code
‘U’, which stands for selenocysteine and is not recognized by
MAFFT, with the ambiguity code ‘X’ prior to alignment. The
alignment was subsequently refined with MUSCLE 3.7 [26] using
the refinement option. Each amino acid alignment was then used
as a blueprint to align the nucleotides of the corresponding coding
sequences with a custom-made Perl script and the BioPerl tool kit
[27]. All sets of 1:1 orthologs were annotated by generating profile
hidden Markov models (pHMM:s) from the protein alignments.
The pHMMs were used to search the official gene set (OGS) of the
fruit fly Drosophila melanogaster (FlyBase release 5.22) [28] for the
most similar sequence (E value <10~ '%) with the HMMER 3.0
[29,30] software package. We also estimated the average
nucleotide sequence divergence among the nine reference
genomes for each amplified region by calculating Hamming
distances (= uncorrected p-distances) using a custom-made Perl
script.

Oligonucleotide Primer Design

All 4,145 multiple nucleotide alignments of 1:1 orthologous
genes were searched for suitable primer binding sites using
a custom-made Ruby script (Janus Borner, Christian Pick,
Thorsten Burmester, unpublished). The script designs degenerate
primers for PCR-amplification of coding sequences from the
nuclear genome. It searches for conserved regions in aligned
protein-coding nucleotide sequences and checks whether or not
possible oligonucleotide primers that would bind at these
conserved regions do not exceed a certain degree of degeneration,
exhibit a GC content within a given range, and do not possess
more than a given number of nucleotide repeats (Table 1). All
primer pairs consistent with these criteria were searched for
matches in the genomic nucleotide sequences of the nine reference
species. This allowed estimating the actual length and the relative
intron content of each amplicon. Primers that did not match
because they bind at an exon/intron boundary or because they
would amplify a region exceeding a pre-defined size (Table 1),
were discarded. Approximate genomic matches were also consid-
ered to assess the probability of obtaining undesired secondary
amplification products. To allow for direct sequencing of the PCR
products using specific oligonucleotide sequencing primers, pre-
designed oligonucleotides were added to the 5" end of each primer
sequence (Table 2). Finally, we evaluated the melting temperatures
and hybridization energies of homo- and heterodimers for each
pair of primers with the aid of UNALold 3.8 [31]. All primer
design parameters are summarized in Table 1.

Empirical Evaluation of Oligonucleotide Primer Pairs
Ten randomly chosen PCR primer pairs, each with the forward

and reverse oligonucleotide primers of sequencing primer set
HOG-Seq A (Table 2) attached to their 5" ends, were tested for
amplifying the target genes in six apocritan Hymenoptera:
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Table 1. Oligonucleotide PCR primer design parameters.

Markers for Hymenopteran Molecular Phylogenetics

Parameter Minimum Value Maximum Value
Amplicon length (bp) 300 1000
Primer length (bp) 20 25
Degree of degeneration - 256
GC content (%) 20 80
Repeats of single nucleotide (bp) - 4
Melting temperature (°C) 45 66
Difference of melting temperatures (°C) - 10
dG of homodimer (kcal/mole) -11.0 -
dG of heterodimer (kcal/mole) -11.0 -
Degree of degeneration at 3’ end” - 4
GC content (%) at 3’ end” 20 80
Repeats of single nucleotide (bp) at 3’ end” - 3

*Terminal six nucleotides.
doi:10.1371/journal.pone.0039826.t001

Stephanus  serrator (Stephanidae), Leucospis dorsigera (Leucospidae),
Gasteruption tournier: (Gasteruptiidae), Chrysis mediata (Chrysididae),
Lestica alata (Crabronidae), and Episyron albonotatum (Pompilidae).
With Stephanidae, the possible sister group of all remaining
Apocrita, and with representatives of the superfamilies Chalcidoi-
dea (Leucospis), Evanioidea (Gasteruption), Chrysidoidea (Chrysis),
Apoidea (Lestica), and Vespoidea (Episyron), our taxon sampling
includes representatives of several deeply-divergent major lineages
of the mega-diverse Hymenoptera (Figure 1). All taxa were
collected by ON in Rhineland-Palatinate, Germany, in 2011 and
were preserved in 96% ethanol.

DNA was extracted from thoracic muscle tissue using the
QJAGEN DNeasy Blood & Tissue Kit and following the protocol
for insects (QIAGEN GmbH, Hilden, Germany). DNA quality
and quantity were assessed by running the extracted DNA on
a 1.5% agarose gel and by analyzing the DNA with a NanoDrop
1000 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). Polymerase chain reactions (PCRs) were run in 20 ul
volumes consisting of 0.5x QIAGEN O-Solution, 1 x QIAGEN
Multiplex PCR Master Mix (QIAGEN GmbH, Hilden, Ger-
many), 0.8 UM of each oligonucleotide primer, and 50 ng DNA.

Table 2. Oligonucleotide sequencing primer pairs.

Primer

pair Forward (5’ — 3') Tm Reverse (5’ — 3') Tm
HOG-Seq- CAGTAGGTGCGTATGTCA  49.9 TGGTCAGTGGCTATTCGT  50.9
A

HOG-Seq- CGCTCATACACTTGGTTC 49.7 TCAGTCATCCTCACTTCG 503
B

HOG-Seq- ATACTAACTGGTGGAGCGAG 52.6 TCACTACATTACCGTATGAC 48.6
C

HOG-Seq- TCGGTCACATTGGGCTACT
D

54.5 CCTTGGGTCTTCGGCTTGA 56.5

The nucleotide sequences of the sequencing primers were attached as a binding
site to the 5’ end of the degenerate oligonucleotide polymerase chain reaction
(PCR) primers. Each of the oligonucleotide primers in Table S1 is compatible
with at least one of the sequencing primers added to the 5’ end of the PCR
primer. T, = approximate melting temperature [°C].
doi:10.1371/journal.pone.0039826.t002
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The touch-down PCR temperature profile started with an initial
denaturation and QIAGEN HotStarTaq DNA polymerase
activation step at 95°C for 15 min., followed by 16 cycles of
95°C for 0.5 min., 60-45°C for 0.5 min., and 72°C for 1.5 min,
followed by 20 cycles of 95°C for 0.5 min., 65 for 0.5 min., and
72°C for 1.5 min, followed by 10 min. at 72°C. Note that the
annealing temperature (7,) was decreased during the first 16 cycles
by 1°C each cycle. All PCRs were run on a Biometra Whatman
T3000 Thermocycler (Biometra GmbH, Géttingen, Germany).
PCR products were separated on a 1.5% agarose gel, together
with a Fermentas 100 bp Plus DNA Ladder (Fermentas GmbH,
Sankt Leon-Rot, Germany). PCR products chosen for sequencing
(i.e., the amplicons of the five best-performing PCR primer pairs)
were purified with the QIAquick PCR Purification Kit (QIAGEN
GmbH, Hilden, Germany) and sent to Macrogen Inc. (Amster-
dam, Netherlands) for direct Sanger sequencing with the
sequencing primers HOG-Seq-A-F and HOG-Seq-A-R (Table 2).
Forward and reverse DNA strands were assembled to contigs,
trimmed (to exclude the binding sites of the PCR and sequencing
oligonucleotide primers), and aligned with Geneious Pro 5.4.6 [32]
to the sequences of the nine Hymenoptera, from which the primer
pairs were inferred.

All new sequences generated in this study have been submitted
to the Furopean Nucleotide Archive (accession numbers
HE612159-HE612181).

Results

Gene Orthology and Oligonucleotide Primer Design
Analyzing the official gene sets of the nine hymenopterans with
sequenced genomes, we identified a total of 4,145 single-copy
orthologous genes that were present in every species. Studying the
multiple nucleotide sequence alignments of these 4,145 ortholo-
gous genes, we inferred 304 oligonucleotide primer pairs for
amplifying a total of 154 single-copy nuclear protein-coding genes.
The length of the inferred primers ranges between 20 and 25
nucleotides (avg. 21), their estimated 7,, (approximate melting
temperature) ranges between 44.6° and 65.7°C (avg. 53.5°C), and
their degree of degeneration ranges between 1 and 192 (avg. 31).
For each of the 154 genes, we inferred between 1 and 11 (avg. 2)
primer pairs with a maximum overlap between amplicons of 50%.
The total degree of degeneration of the primer pairs ranges
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Apis mellifera (Apidae)
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Lestica alata (Crabronidae)
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Figure 1. Hypothesized phylogenetic relationships of apocritan Hymenoptera studied in this investigation [4,12]. Taxa with
sequenced genomes are highlighted in green; their genome sequences were analyzed to identify single-copy genes and to design degenerate
oligonucleotide PCR primers. DNA of non-highlighted species was used to assess the functionality of the inferred PCR and sequencing primers.

doi:10.1371/journal.pone.0039826.9001

between 2 and 12,288 (avg. 860) (Table S1). The expected sizes of
the PCR products range between 378 and 1,074 bp (avg. 683 bp;
N =2,736), the expected sizes of the amplified target regions range
between 301 and 996 bp (avg. 604 bp; N=2,736), and the
average uncorrected (p) distance among the amplified target

size (bp)
standard

20038405 26

3k
2k

1k

Figure 2. Polymerase chain reaction (PCR) products separated
on 1.5% agarose gel. The depicted gel shows the PCR products
obtained from using the inferred oligonucleotide primer pair
7229 02_A (Table 3) to PCR amplify DNA of Stephanus serrator
(Stephanidae, 1), Leucospis dorsigera (Leucospidae, 2), Gasteruption
tournieri (Gasteruptiidae, 3), Chrysis mediata (Chrysididae, 4), Lestica
alata (Crabronidae, 5), and Episyron albonotatum (Pompilidae, 6). All
PCR products were suitable for direct sequencing with the sequencing
oligonucleotide primers HOG-Seg-A-F/—R (Table 2). - = negative
control.

doi:10.1371/journal.pone.0039826.g002
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regions in the nine reference genomes ranges between 7.9% and
35.3% (avg. 17.3%; N =304).

Of the 304 inferred oligonucleotide primer pairs, 233 amplify
genomic regions that according to the available gene models include
atleast one predicted intron in the reference genomes. These primer
pairs amplify 112 (~73%) of the 154 genes. In contrast, only 28
inferred oligonucleotide primer pairs amplify genomic regions that
do not include introns in the nine reference species. These primer
pairs amplify 17 different (~11% of the here covered 154) genes. All
remaining primer pairs amplify genomic regions that may or may
not include introns. The number of exonic nucleotides in those 233
genomic target regions that include at least one predicted intron
ranges from 154 to 814 (avg. 429; N=2,097). The corresponding
number of intronic nucleotides ranges from 45 to 653 (avg. 195;
N=2,097). The percentage of exonic nucleotides in the above
mentioned 233 genomic regions ranges from 22.4 to 93.4 (avg. 69.8;
N =2,097). The number of exonic nucleotides in those 28 genomic
regions that do not contain introns in any of the reference species
ranges from 304 to 816 (avg. 454; N =252).

Of the 304 inferred oligonucleotide primer pairs, we found 80
(referring to 71 different genes) to be compatible with sequencing
primer pair HOG-Seq-A, 130 (referring to 107 different genes) to
be compatible with sequencing primer pair HOG-Seq-B, 46
(referring to 46 different genes) to be compatible with sequencing
primer pair HOG-Seq-C, and 73 (referring to 62 different genes)
to be compatible with sequencing primer pair HOG-Seq-D
(Table 2).

The complete list of inferred degenerate oligonucleotide
primers, along with complementary information (e.g., annealing
temperature, degree of degeneration, expected length of ampli-
cons, compatibility with sequencing primers attached to the 5" end
of the PCR primers) is given in Table S1. Additional supplemen-
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tary material has been deposited in the Dryad data repository
(http://datadryad.org/; doi:10.5061/dryad.d73k0).

Empirical Evaluation of Oligonucleotide Primer Pairs

All tested PCR primers had the oligonucleotides of the
sequencing primer pair set HOG-Seq A attached to their 5" ends
(Table 2 and Table 3). One pair of tested primers produced
amplicons suitable for direct sequencing in all six species (Tables 4
and 5, Figure 2). An additional five primer pairs produced
amplicons suitable for direct sequencing in at least four of the six
studied species, with a tendency to less reliably produce a PCR
product suitable for direct sequencing with increasing evolutionary
distance from ants (Tables 4 and 5, Figure S1). Overall, the PCR
success rate when using DNA from species of Aculeata (ie.,
apocritan wasps with stingers) was ~80%. When considering all
Apocrita, the PCR success rate was still ~60%.

Table 3. Empirically evaluated degenerate oligonucleotide PCR primer pairs.

Total
ID Forward (5’ — 3') d Tm min T, max Reverse (5 — 3') d Tm min 7, max d
3683 _01_A GCYATYTTCGAYTTYGAYAG 32 46.0 56.8 AAVGTRAAKGATTCGTTGTA 12 47.5 544 384
4652 _02_A ATGATGTDGARTTTATMATACARAC 24 46.9 53.8 CWACRCTWATTTCTCTWTCAAC 16 47.1 519 384
4747_02_A TTCTACGGBATGATCTTYAG 6 471 53.0 ACCTBGACATRATCTTVGGC 18 49.8 57.2 108
5119 01_A GGDATYGTMGARGAGAGYGT 48 48.7 60.8 TYTTCATYTTRTCCATGTGYTC 16 489 56.5 768
5257 01_A MACVAATAARTAYGGHTGYAGA 144 46.7 58.9 TAATTGGTCTARRTTGAARCT 8 47.0 52.7 1,152
5592 01_A AAYTRAATAAAGACTGGAAAGAAGA 4 50.3 53.8 GTYARATCCATYCCRTGATC 16 47.6 55.7 64
5768_01_A ACDGTHAARGTDTGGAATGC 54 48.6 58.2 GCWACCCAAATRCWAGWTTG 16 48.8 55.0 864
6917_01_A ATGCCVTTCTACACRGTCTA 6 52.8 58.0 CYTCGCTYTTCTTCTGCATRTC 8 535 58.9 48
7036_02_A TTTGTCWGYGKGTGCCTTGT 8 55.4 60.1 TTCATRGTWGCTTCRGTATCNGT 32 51.2 59.2 256
7229 02_A TGCYTGATHCTSTTCTTCGT 12 51.1 55.8 TRTGRAAYCTRTGRAAGATGCA 32 49.6 58.6 384
The ten degenerate oligonucleotide primers were tested with the respective binding sites for sequencing primer HOG-Seq-A (see Table 2) attached to the 5’ end and
used to amplify ten target genes in six apocritan Hymenoptera. d = degree of degeneration. T, = approximate melting temperature [°C].
doi:10.1371/journal.pone.0039826.t003

Discussion

We inferred 304 oligonucleotide primer pairs that can be used
for PCR amplification of up to 154 different genes in apocritan
Hymenoptera. The ten primer pairs that were empirically tested
proved to be highly successful in amplifying the desired target
DNA of Aculeata and showed a reasonable success-rate when
applied to DNA of other Apocrita. Extrapolating these results and
considering that we provide on average two primer pairs for
a given gene, we expect up to 148 genes of interest to be
amplifiable in aculeate Hymenoptera and roughly 110 to be
amplifiable in many other groups of Apocrita. The high success-
rate of our new PCR primers is most likely the result of the strict
selection criteria that we applied during primer design (e.g., low
potential for self-priming and the formation of hairpin loops, no
alternative binding sites in the reference genomes). However, given
that seven of the nine analyzed reference genomes are from ants,
we expect fewer primers to amplify the desired product when they
are applied to DNA of species that are distantly related to ants
(e.g., non-aculeate Apocrita).

Table 4. Rating of obtained polymerase chain reaction (PCR) products.

Marker S. serrator L. dorsigera G. tournieri C. mediata L. alata E. albonotatum
3683 _01_A ++* +/— ++ ++ ++ e
4652 02_A - - - - - +
4747_02_A = ++ + ++ +* ++
511901 A - +*(7) - +* (?) ++* ++*
5257 _01_A - - = = T+ T+
5592 01_A - ++ +/— ++ ++ ++
5768 01_A - - - +/—* + -
6917_01_A - ++ + ++ ++ ++
7036_02_A +/— ++ ++ ++ ++ ++
7229 02_A + ++ ++ ++ ++ ++

*Secondary PCR amplification product likely hampering direct sequencing.
doi:10.1371/journal.pone.0039826.t004

@ PLoS ONE | www.plosone.org

Rating of the PCR products obtained from using the degenerate oligonucleotide primers shown in Table 3 to amplify ten target genes in six apocritan Hymenoptera. ++
= target PCR product in excess. + = target PCR product sufficient for direct sequencing. +/— = target PCR product insufficient for direct sequencing. - = no target PCR
product. (?) = unclear whether or not PCR products include amplicon of target gene.
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Table 5. European Nucleotide Archive accession numbers for all sequences generated from primer testing.

Marker S. serrator L. dorsigera G. tournieri C. mediata L. alata E. albonotatum
3683_01_A failed NA HE612159 HE612169 HE612174 HE612181

5592 01_A NA HE612164 NA HE612170 HE612175 HE612180
6917_01_A NA HE612165 HE612167 HE612168 HE612177 failed
7036_02_A NA HE612166 HE612160 HE612171 HE612176 HE612179
7229 02_A HE612162 HE612163 HE612161 HE612172 HE612173 HE612178

doi:10.1371/journal.pone.0039826.t005

There are several options for improving the PCR success-rate of
the primers reported here. For example, while we used a touch-
down temperature profile to rapidly assess the functionality of the
ten evaluated primer pairs, one could instead use a PCR
temperature profile with a constant annealing temperature that
is close to the optimal annealing temperature of the specific primer
pair (Table S1). Such a temperature profile could reduce the risk of
obtaining secondary amplification products. Since we did not
apply primer-specific PCR temperature profiles when empirically
testing primer pairs, we expect their success-rate to be slightly
underestimated. Researchers using these new primers should also
consider increasing the concentration of oligonucleotides in the
PCR mix to counterbalance the high degree of degeneration of
some of the oligonucleotides (Table S1).

We calculated the average nucleotide sequence divergence
among the nine reference genomes for the amplified region plus
the absolute number of intronic and exonic nucleotides in the
expected amplicon for each primer pair (Table S1). Consequently,
users are able to search for markers that are more- or less-
conserved than others, and users are additionally able to select for
primers that specifically amplify genes with or without introns.
Intronic DNA could prove highly valuable for resolving genea-
logical relationships of recently diverged lineages. These nuclear
markers may also prove to be very useful for DNA barcoding.
Overall, the ability to select genes that seem particularly suitable to
address a specific research question makes the plethora of PCR
primers presented here a highly valuable toolbox for research in
apocritan Hymenoptera. Finally, the inferred primers are com-
patible with pre-designed oligonucleotides (Table 2) attached to
their 5" end. This allows users to select a single oligonucleotide
sequencing primer pair from a set of four for sequencing all PCR
products.

Our approach for designing oligonucleotides for PCR-amplifi-
cation of orthologous genes in a wide range of species requires the
availability of sequenced genomes. One group of insects, besides
Hymenoptera, for which genomes of several taxa have been
sequenced, and for which such an approach might prove fruitful, is
Diptera. Genome sequences from more than 15 species of Diptera
are currently available and those of many more are already in
progress. As in Hymenoptera, however, there is a strong
taxonomic bias: only genomes of fruit flies (Drosophila spp.) and
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ABSTRACT

Molecular sequences do not only allow the reconstruction of phylogenetic relationships among species,
but also provide information on the approximate divergence times. Whereas the fossil record dates the
origin of most multicellular animal phyla during the Cambrian explosion less than 540 mil-
lion years ago (mya), molecular clock calculations usually suggest much older dates. Here we used a large
multiple sequence alignment derived from Expressed Sequence Tags and genomes comprising 129 genes
(37,476 amino acid positions) and 117 taxa, including 101 arthropods. We obtained consistent diver-
gence time estimates applying relaxed Bayesian clock models with different priors and multiple calibra-
tion points. While the influence of substitution rates, missing data, and model priors were negligible, the
clock model had significant effect. A log-normal autocorrelated model was selected on basis of cross-val-
idation. We calculated that arthropods emerged ~600 mya. Onychophorans (velvet worms) and euar-
thropods split ~590 mya, Pancrustacea and Myriochelata ~560 mya, Myriapoda and Chelicerata
~555 mya, and ‘Crustacea’ and Hexapoda ~510 mya. Endopterygote insects appeared ~390 mya. These
dates are considerably younger than most previous molecular clock estimates and in better agreement
with the fossil record. Nevertheless, a Precambrian origin of arthropods and other metazoan phyla is still
supported. Our results also demonstrate the applicability of large datasets of random nuclear sequences

for approximating the timing of multicellular animal evolution.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Dating of diversification and speciation events is a major aim of
evolutionary studies. For a long time, fossil remains were the prime
source of such time estimates. The fossil record, however, is far
from complete and in many cases the taxonomic assignment of
fossil specimens is uncertain (Benton and Donoghue, 2007). DNA
and protein sequences provide a complementary source of infor-
mation for the inference of life history. Although there is an ongo-
ing debate whether such a molecular clock approach is actually
valid (Graur and Martin, 2004), many studies have obtained rea-
sonable time estimates for a broad range of taxa (for review, see:
Benton and Ayala, 2003; Hedges and Kumar, 2003).

Abbreviations: mya, million years ago; myr, million years; LOG, log-normal
autocorrelated clock model; CIR, Cox-Ingersoll-Ross model; UGM, uncorrelated
gamma multipliers.
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In theory, molecular clock calculations have the power to be
more precise than fossil dates because latter usually are underesti-
mates. At best fossils provide an approximation to the oldest mem-
ber of the taxon in question (cf. Benton and Ayala, 2003). In fact,
sequence-derived dates tend to be older than the fossil dates
(Hedges and Kumar, 2003). This is particularly true for deep diver-
gence times. For example, the first conclusive fossil evidence for
crown group bilaterians dates ~550-530 mya (Benton and Donog-
hue, 2007), but molecular estimates suggest an emergence of bila-
terians between 1300 and 670 mya (e.g., Blair and Hedges, 2005;
Lynch, 1999; Otsuka and Sugaya, 2003; Peterson et al., 2008).
The discrepancy of molecular and fossil dates, and among different
molecular clock approaches can be attributed to insufficient data,
wrong taxonomic assignment or dating of fossils, and, most impor-
tantly, to rate heterogeneity among lineages over time and be-
tween genes (e.g., Adachi and Hasegawa, 1995; Benton and
Donoghue, 2007; Bromham et al., 1998; Graur and Martin, 2004).

The undisputed fossil record of the phylum Arthropoda dates
back to the early Cambrian period (Budd and Jensen, 2000; Budd
and Telford, 2009; Edgecombe, 2010). The identity of possible rep-
resentatives of arthropods from the earlier Ediacaran period is
questionable (Nielsen, 2001). Based on fossils and geological
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considerations, Benton and Donoghue (2007) assumed an earliest
date of 581 mya for the divergence of Arthropoda and Nematoda.
Molecular clock analyses, however, usually support much older
time estimates that range from 1200 to 625 mya for the origin of
Arthropoda (Blair, 2009; Blair et al., 2005; Douzery et al., 2004;
Hausdorf, 2000; Lee, 1999; Sanders and Lee, 2010; Wang et al.,
1999). Due to the lack of sequence data from important taxa, cal-
culations of internal divergence times within arthropods are
sparse, with the exception of the insects (e.g., Gaunt and Miles,
2002; Regier et al., 2004, 2005).

Here we analyze the divergence times of major arthropod taxa
based on a superalignment spanning 37,476 amino acid positions,
which had been derived from Expressed Sequence Tags (ESTs)
(Meusemann et al., 2010). This is - to the best of our knowledge
- the largest dataset that has ever been used for molecular clock
studies.

2. Materials and methods
2.1. Sequence data and phylogenetic tree

In a previous study (Meusemann et al., 2010), 775 orthologous
genes from 214 euarthropods, three onychophorans, two tardi-
grades, eight nematodes, three annelids and three mollusks, de-
rived from EST data and selected genomes were identified with
the HaMStR approach (Ebersberger et al., 2009). Single multiple
protein alignments were generated with MAFFT L-INSI (Katoh
and Toh, 2008). Alignment masking was conducted with ALISCORE
and ALICUT (Kiick et al., 2010; Misof and Misof, 2009). An optimal
subset of data was selected by MARE 01-alpha (MAtrix REduction;
http://mare.zfmk.de). The finally selected superalignment spans
37,476 amino acid positions, comprised 129 genes and 117 taxa,
including 101 arthropods (available at TreeBase, http://www.tree-
base.org, under study accession no. S10507). A Bayesian phyloge-
netic tree was inferred with PhyloBayes (Lartillot et al., 2009).
For details, refer to Meusemann et al. (2010).

2.2. Bayesian estimates of divergence times

The Bayesian phylogenetic majority rule consensus tree
(Meusemann et al., 2010) was used as input for molecular clock
estimates. The program PhyloBayes 3.2d was applied to calculate
divergence times and 95% confidence intervals within a Bayesian
framework (Lartillot et al., 2009). Three relaxed clock models, the
log-normal autocorrelated clock model (LOG) (Thorne et al.,
1998), the ‘CIR’ process (CIR) (Cox et al., 1985; see also Lepage
et al., 2006) and uncorrelated gamma multipliers (UGM) (Drum-
mond et al., 2006), were used under a uniform prior on divergence
times for 50,000 cycles with a burn-in of 20,000 cycles. The CIR
process is similar to the Ornstein—-Uhlenbeck model, but with
superior properties (Aris-Brosou and Yang, 2003; Lepage et al.,
2006, 2007). Rates across sites were modeled assuming a discrete
gamma distribution with four categories and with a Dirichlet pro-
cess. Bayes factors were estimated using thermodynamic integra-
tion as implemented in PhyloBayes (Lepage et al., 2007) with
100,000 generations and a burn-in of 10,000. The three relaxed
clock models were compared with the unconstrained model.
Cross-validation of the models was performed by dividing the
alignment into eight subsets (seven learning sets and one test
set). Ten repetitions were run, as specified in PhyloBayses.

In a first approach, we tested the effects of gamma distributed
priors for the root node on our results. To evaluate the impact of
the priors, we defined different means and standard deviations
(SD) of the prior distribution: mean 1000 mya (SD 1000 myr/
500 myr) and 750 mya (SD 750 myr/325 myr), respectively. In

addition, a uniform root prior was assumed with a maximum limit
of 5000 mya imposed by PhyloBayes. All analyses were also run
under the priors (i.e. with no data) to assess whether the prior dis-
tribution was sufficiently wide (i.e. non-informative). The results
were compared with those obtained when the data were analyzed.

To assess the impact of missing data, all amino acid positions in
the concatenated alignment were sorted according to their taxon
coverage. Only the 50% of positions with the highest taxon cover-
age were used in a separate molecular clock analysis with the same
settings as described above. The effect of substitution rates was
tested by dividing the complete superalignment (129 genes) into
three subsets, each containing 43 genes with i lowest, ii intermedi-
ate, and iii highest substitution rates. Genes were assigned to these
categories according to the mean PAM distance of all possible se-
quence pairs within each alignment. To avoid artifacts due to miss-
ing data, only taxa for which sequences of all genes are present
were selected for the assessment of pairwise distances: Apis melli-
fera, Bombyx mori, Daphnia pulex, Drosophila melanogaster, and
Tribolium castaneum. Positions with gaps were ignored. All three
subsets were analyzed in separate runs according to the procedure
described above.

2.3. Calibration of the molecular clock

Seven calibration points were evenly distributed throughout
the phylogenetic tree, including one calibration point within the
outgroup (Table 1; Supplemental Table S1). We aimed to cover dif-
ferent regions of the tree and to include calibrations for deep nodes
as well as for shallow nodes. To avoid a distortion of the time esti-
mates by systematic misplacement of fossil calibration points, we
used fossils with reliable systematic placement. Numerical ages
were obtained from the International Stratigraphic Chart 2009
(http://www.stratigraphy.org), assuming the minimum age of the
respective stage interval for calibration points 1-4 and 7
(Supplemental Table S1). The minimum age of calibration point 5
was dated according to the minimal age of the Namurian A/E1 (Du-
sar, 2006) and calibration point 6, for which a minimum and a
maximum age was obtained from Benton and Donoghue (2007).
Each of the settings described above was run with seven calibra-
tion points for each dataset. In addition, the complete dataset
was analyzed with six calibration points (omitting calibration
point 1 within the outgroup).

Calibration point 1: the minimum age of the divergence of Mol-
lusca and Annelida is defined by small helcionelloids of the genus
Oelandiella from the pre-Tommotian (Cambrian, Purella Biozone,
Nemakit-Daldynian) period 528 mya (Gubanov and Peel, 1999;
Khomentovsky and Karlova, 1993). Calibration point 2: evidence
for euarthropods is provided by Rusophycus-like trace fossils from
the early Tommotian 521 mya (Crimes, 1987). This calibration
point is confirmed by recently described Lower Cambrian euarthro-
pods fossils (Chen, 2009), which derives from the Maotianshan
Shale (Qiongzhusian) dating 521-515 mya. Calibration point 3:
the oldest unambiguous myriapod fossil is the millipede Cowiedes-
mus eroticopodus (Wilson and Anderson, 2004) from the Cowie For-
mation, Silurian. At that time, millipedes and centipedes had
separated, thus C. eroticopodus provides a minimal age for the diver-
gence of Diplopoda (millipedes) and Chilopoda (centipedes) at the
transition from Wenlock to Ludlow 418.7 mya (base of Ludfordian,
Ludlow). Calibration point 4: the split between Entognatha and
Ectognatha (true insects) dates to the early Devonian (Pragian) per-
iod 404.2 mya, delimited by the first entognathan fossil of the
springtail Rhyniella precursor (Whalley and Jarzembowski, 1981).
Calibration point 5: the minimum date for the split between pale-
opteran and neopteran lineages is provided by an insect wing from
the Upper Silesian Basin, Czech Republic (Béthoux and Nel, 2005),
which dates to the Lower Carboniferous 324.8 mya and has been
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Table 1

Evolutionary history of Arthropoda. Mean divergence times averaged over settings of the log-normal autocorrelated clock model (see Supplemental Table S2). The asterisks

denote calibration points (for additional information, see Supplemental Table S1).

Split Mean divergence time Fossil record (upper bound) References
(mya) (mya)
Ecdysozoa-Lophotrochozoa 607 528 (Mollusca) Khomentovsky and Karlova (1993)
Cycloneuralia-Arthropoda 601 521 (Arthropoda) Chen (2009) and Crimes (1987)
Nematoda-Tardigrada 574 503 (Tardigrada) Miiller et al. (1995)
Onychophora-Euarthropoda*® 589 521 (Euarthropoda) Chen (2009) and Crimes (1987)
Myriochelata-Pancrustacea 562 Early Cambrian Shear and Edgecombe (2010)
Myriapoda-Chelicerata 556 Early Cambrian Shear and Edgecombe (2010)
Diplopoda-Chilopoda* 504 419 (Diplopoda) Wilson and Anderson (2004)
Pycnogonida-Euchelicerata 546 501 (Pycnogonida) Waloszek and Dunlop (2002)
Xiphosura/Araneae-Acari 496 445 (Xiphosura) Rudkin et al. (2008)
Xiphosura-Araneae 473 445 (Xiphosura) Rudkin et al. (2008)
Malacostraca/‘Macxillipoda’-Branchiopoda/Hexapoda 520 510 (Crustacea) Harvey and Butterfield (2008)
Copepoda-Cirripedia/Malacostraca 507 505 (Cirripedia) Collins and Rudkin (1981)
Cirripedia-Malacostraca 495 505 (Cirripedia) Collins and Rudkin (1981)
Branchiopoda-Hexapoda 510 404 (Collembola) Kukalova-Peck (1991)
Entognatha-Ectognatha* 485 404 (Collembola) Kukalova-Peck (1991)
Archeognatha-Pterygota 455 390 (Archeognatha) Labandeira et al. (1988)
Paleoptera-Neoptera® 419 325 (Archaeorthoptera) Béthoux and Nel (2005)
Odonata-Ephemeroptera 388 318 (Odonata) (Brauckmann and Schneider
(1996)
Hemiptera—other neopterans 397 284 (Paleorrhyncha) Shcherbakov (2000)
Orthoptera/’Blattodea’/Isoptera-Endopterygota 391 307 (Coleoptera) Béthoux (2009)
(Holometabola)
Orthoptera-‘Blattodea’/Isoptera 351 311(Blattodea) Jarzembowski and Schneider
(2007)
Isoptera-‘Blattodea’™ 200 137 (Isoptera) Engel et al. (2007)
Hymenoptera-Coleoptera/Lepidoptera/Diptera 372 307 (Coleoptera) Béthoux (2009)
Coleoptera-Lepidoptera/Diptera 353 307 (Coleoptera) Béthoux (2009)
Lepidoptera-Diptera 342 270 (Panorpida) Minet et al. (2010)
Brachycera-Culicomorpha* 281 239 (Psychodomorpha) Krzeminski et al. (1994)

assigned to Archaeorthoptera based on its venation (Prokop et al.,
2005). Calibration point 6: the oldest fossil of a clade including
Culicomorpha and Brachycera (Diptera) is Grauvogelia arzvilleriana
from the middle Triassic Grés-a-Voltzia Formation of France, there-
by providing a minimum age of 238.5 mya. The maximum age
(295.4 mya) is defined by the insect fauna of the Boskovice Furrow,
Czech Republic (Krzeminski et al., 1994). This deposit harbors a
wide range of insects, but no representative of the brachycer-
an + culicomorphan clade has been described from this or from
any older deposit (Benton and Donoghue, 2007). Dating of both,
minimum and maximum constraints have been explained in Ben-
ton and Donoghue (2007). Calibration point 7: first evidence for
the split of isopterans (termites) from other blattodeans dates to
the Berriasian (lower Cretaceous) period 137.2 mya and is defined
by the isopteran fossil Baissatermes lapideus (Engel et al., 2007).

3. Results
3.1. Molecular clock models

Molecular clock estimates were performed based on the Bayes-
ian topology of the arthropod tree presented by Meusemann et al.
(2010) (cf. Supplemental Fig. S1). Calculations of divergence times
within the Bayesian framework were consistent within the differ-
ent relaxed clock models (LOG, CIR and UGM; Supplemental Tables
S2-S5). Estimates under the autocorrelated models (CIR and LOG)
were similar, with CIR resulting in on average ~1% older dates
(Table 2). The uncorrelated clock model (UGM) gave ~10% older
dates than CIR or LOG. The choice of model for the rates across sites
(gamma distribution or Dirichlet process) only had a minor effect
on divergence time estimates, with mean absolute differences low-
er than 0.5% (Table 2).

The models were further compared by calculating the Bayes fac-
tors against the unconstrained model employing thermodynamic

integration (Lartillot and Philippe, 2006), as implemented in Phy-
loBayes. The logarithms of the Bayes factors were 36.75 for UGM,
31.34 for CIR and 39.09 for LOG, suggesting that the log-normal
autocorrelated clock model fits the data best. Cross-validation
confirmed this conclusion and showed that the LOG model outper-
forms CIR and UGM. The cross-validation score of LOG vs. CIR was
2.25+11.8506 and LOG vs. UGM was 7.75 + 36.2138 (CIR vs. UGM:
5.5+37.5167). Therefore, LOG was applied in the following
analyses.

3.2. Bayesian inference of arthropod divergence times

The divergence times over the means of all calculations result-
ing from the LOG model (Table 1; Supplemental Table S2) and 95%
confidence intervals (Supplemental Table S3) were displayed in a
linearized tree (Fig. 1). We estimated that the divergence of
Ecdysozoa and Lophotrochozoa occurred 629-590 mya (mean
607 mya). Separation of the clade leading to Nematoda and Tardi-
grada on the one hand, and Panarthropoda on the other, dated to
621-584 mya (mean 601 mya). The branch leading to Onychopho-
ra diverged from Euarthropoda 607-573 mya (mean 589 mya).
Myriochelata (Myriapoda + Chelicerata) and Pancrustacea diverged
during the Ediacaran 580-546 mya (mean 562 mya). The split be-
tween Myriapoda and Chelicerata occurred 573-539 mya (mean
556 mya) in the late Precambrian, the radiation of Pancrustacea
commenced during the Cambrian period (533-500 mya, mean
520 mya). The split between hexapods and branchiopod crusta-
ceans occurred 521-489 mya (mean 510 mya). Ectognathan in-
sects split from Entognatha 498-465mya (mean 485 mya).
Winged insects (Pterygota) emerged about 455 mya (468-
436 mya) and about 64 myr later holometabolous (endopterygote)
insects appeared (400-379 mya, mean 391 mya). Running the
analyses under the priors showed that the calculated divergence
times were not biased by the selected priors (data not shown).
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Table 2

Pairwise differences of divergence time estimates with different molecular clock models (LOG, log-normal autocorrelated clock model; CIR, Cox-Ingersoll-Ross model; UGM,
uncorrelated gamma multipliers). Rates across sites were modeled according to a gamma distribution with four categories (I") or the Dirichlet process (D). Above the diagonal,
absolute differences are given, below the diagonal are the mean differences. For the mean differences, positive values show older time estimates for the models in the horizontal

row, negative values indicate younger dates.

LOG I LOG D CIRI" CIRD uGM I UGM D
LOG T 0.004984 0.027751 0.028321 0.109461 0.109718
LOG D 0.003757 0.028923 0.029956 0.112200 0.112359
CRT ~0.007211 —0.010987 0.003706 0.092873 0.090782
CIRD —0.009793 —0.013702 0.002589 0.089166 0.089328
UGM T -0.090723 ~0.094126 ~0.088827 ~0.082692 0.001537
UGM D —0.090971 —0.094367 —0.085352 —0.082959 —0.000293
Cryogenian b Ediacran Cambrian ' Ordivician Silurian ' Devonian " Carboniferous ' Permian | Triassic T Jurassic
Annelida LOPHOTROCHOZOA
%— Mollusca |
——— Tardigrad CYCLONEURALIA
1 Nematoda |
Onychophora
- § Chilopoda | MYRIAPODA
#| Diplop
L | Pycnogonida CHELICERATA
ﬁ - r Xiphosura
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Malacostraca
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L Ept ptera
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Fig. 1. Mean divergence times of major ecdysozoan taxa averaged over all estimations under the log-normal autocorrelated clock model shown in Supplemental Table S2.
Gray bars indicate 95% mean confidence intervals (see Supplemental Table S3). Calibrated nodes are marked with an asterisk (see Supplemental Table S1 for calibration

points). mya, million years ago.

3.3. Effect of root priors and calibration on time estimates

Bayesian time estimates were robust to changes in root priors,
which determine age distributions and corresponding standard
deviations for the root node. In a first approach, a uniformly dis-
tributed prior with an upper limit of the root of 5000 mya was as-
sumed, as imposed by PhyloBayes (lane “~” in Supplemental Tables
S2 and S3). To evaluate the impact of specific root priors, we de-
fined different age means and standard deviations of the prior dis-
tribution: (a) 1000 mya and 1000 myr standard deviation, (b)
1000/500, (c) 750/750, and (d) 750/325. For all nodes, time esti-
mates show low variation and differed - on average - less than
2% from the mean age with different root priors (standard devia-
tion averaged over all nodes).

Standard deviations of the mean time estimates were lower
with modeling the Dirichlet process (1.1%; root 1.8%) than with

gamma distributed rates across sites (2.1%; root 2.2%). The
exclusion of the outgroup calibration point, i.e. the minimum age
of 521 mya for the split between Mollusca and Polychaeta, resulted
in slightly (4.1%) younger divergence time estimates (not shown).
The mean age of the root, i.e. the origin of Ecdysozoa, was about
5.7% younger using the reduced set of calibration points. Averaged
over all calculations, the ecdysozoan divergence dated to 573 mya.

3.4. Effect of substitution rates on time estimates

To assess the effect of variations of substitution rates among
genes, the full 129 gene dataset was subdivided into three data
subsets with 43 genes each. The mean PAM distances of the genes
in subset i ranged from 0.01 to 0.17 (slowest substitution rate), in
subset ii from 0.17 to 0.30 (intermediate rate) and in subset iii from
0.31 to 0.80 (fastest rate). Averaged over data subsets of the
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autocorrelated LOG model, molecular clock analyses resulted in
dates that were only ~0.1% younger compared to the complete
dataset (Supplemental Table S6). In subset i the estimated dates
were on average 2.9% younger (standard deviation 8.7%) as com-
pared to the complete dataset. Subsets ii and iii showed on average
slightly older dates (1.8% and 1.5%, respectively; standard devia-
tion 6.5% and 6.9%, respectively). Most divergence times in the data
subsets agree very well with the values derived from the complete
dataset. Only two splits showed notable deviations. The split be-
tween Odonata and Ephemeroptera displayed high variation be-
tween subsets under all molecular clock settings, with subset i
resulting in 22% younger dates and subsets ii and iii having 4% old-
er dates. The results of the intermediate subset ii were similar with
that of the entire dataset. The variations of divergence times of
Isoptera and ‘Blattodea’ were even higher, with the intermediate
subset ii resulting in 29% younger dates, whereas the slowly and
fast evolving subsets showed older dates (subset i: 32%; subset
iii: 35%).

3.5. Effect of missing data on time estimates

By removing 50% of the amino acid positions with the lowest
taxon coverage, the relative amount of missing data in the align-
ment decreased from 51.0% to 38.5%. The effect of data reduction
on the resulting divergence time estimates was minimal
(Supplemental Table S7). Mean divergence times were 1.5% older
than the results obtained from the complete dataset. Similar to
the results from the subdivided datasets, the splits between Odo-
nata-Ephemeroptera and Isoptera—‘Blattodea’ showed high vari-
ance. Under the autocorrelated clock models, divergence times of
Odonata and Ephemeroptera were 7.7% older, whereas divergence
time estimates of Isoptera and ‘Blattodea’ were 5.5% younger com-
pared to the complete dataset.

4. Discussion

Molecular clock analysis has become a powerful tool based on a
data source largely independent from the fossil record for the
inference of divergence times of organisms. Still, there is much dis-
crepancy between time estimates of different studies (e.g., Douzery
et al., 2004; Peterson et al., 2008; Pisani et al., 2004). Factors that
influence the outcome of molecular clock calculations are the sam-
pling size, the selection of taxa and genes, rate heterogeneity, the
suitability of the dating method, and the accuracy of calibration
points. Simultaneous analyses of a large number of orthologous
genes and application of multiple fossil calibration points provide
more reliable estimates of divergence times if rate heterogeneity
is considered (Thorne and Kishino, 2002; Yang and Yoder, 2003).

Due to the limited availability of orthologous genes, studies on
large multi-gene datasets were usually restricted to only few taxa
(e.g., Aris-Brosou and Yang, 2003; Blair and Hedges, 2005; Blair
et al.,, 2005; Douzery et al., 2004; Gu, 1998; Wang et al., 1999).
An alternative source of sequence data, which had not been applied
to a molecular clock approach so far, is provided by EST data.

4.1. Applicability of EST data for molecular clock analyses

Our supermatrix with 129 orthologous genes and 117 taxa
(Meusemann et al., 2010) is - to the best of our knowledge - the
largest dataset that has ever been used for molecular clock studies
(cf. Aris-Brosou and Yang, 2003; Blair and Hedges, 2005; Blair et al.,
2005; Douzery et al., 2004; Gaunt and Miles, 2002; Gu, 1998;
Lynch, 1999; Peterson et al.,, 2008; Regier et al., 2005; Wang
et al., 1999). Our analyses are expected to provide more reliable
estimates than the inference from few genes due to rate

homogenization (Battistuzzi et al., 2010; Thorne and Kishino,
2002; Yang and Yoder, 2003). In addition, the essentially stochastic
nature of ESTs further is expected to reduce sampling bias caused
by the selection of specific genes.

A potential drawback of our approach may be the fragmentary
nature of ESTs, which is reflected by 51% missing data in the con-
catenated superalignment (Meusemann et al., 2010). It has been
demonstrated that large datasets are less sensitive to missing data
(Philippe et al., 2004). In fact, when we reduced the amount of
missing data by removing positions with low coverage, thereby
increasing data density, only minimal changes in divergence time
calculations were observed (Supplemental Table S7). Only two
splits showed notable variation (Odonata-Ephemeroptera and
Isoptera-‘Blattodea’). Therefore, molecular clock analyses of our
EST-dataset were essentially robust to the effect of missing data.

Another factor that may influence the outcome of a molecular
clock approach are differences in substitution rates between genes.
The a priori stochastic approach of obtaining ESTs is expected to re-
sult in large variations of rates. This is reflected by the PAM dis-
tances of the individual proteins ranging from 0.01 to 0.80.
However, splitting the dataset into three subsets with different
evolutionary rates shows little variation in divergence times be-
tween the three estimates (Supplemental Table S6). Only for the
two splits mentioned above (i.e. Odonata-Ephemeroptera and
[soptera-‘Blattodea’), the variance was notably large, which may
be due to a bias introduced by gene selection. Therefore, we can
conclude that - at least if the datasets are large enough - the effect
of substitution rate differences in the EST dataset is low.

4.2. Molecular clock models

The Bayesian relaxed clock model approach to the arthropod
EST-derived tree was also robust to the choice of priors and param-
eter settings. Neither the root priors, which specify the age of the
root and its standard deviation, nor the model for the site-specific
rates (discrete gamma distribution with four rate categories or the
Dirichlet process) had significant effects (Table 2; Supplemental
Tables S2, S4 and S5). The main factor that actually influenced
the time estimates was the applied clock model.

In recent years, a whole range of different molecular clock
methods that either rely on a maximum likelihood approach or
on Bayesian methods have been proposed (for review, see Lepage
et al., 2007). In initial tests, we applied a maximum likelihood, local
clock approach, as implemented in the program r8s (Sanderson,
2002) to our data. However, the resulting time estimates were
highly dependent on the age of the root and resulted in unreason-
able divergence times (data not shown). The dates that derived
from the Bayesian models were more consistent and not mutually
exclusive, but still showed large differences in the calculated diver-
gence times. We applied three different relaxed Bayesian clock
models, two autocorrelated (LOG and CIR) and the uncorrelated
UGM model. But which model is correct, i.e. fits best to the data
and is thus expected to provide the best time estimate?

Both cross-validation and Bayes factors showed that the auto-
correlated clock models were significantly better than UGM. Auto-
correlation assumes that adjacent branches in a phylogenetic tree
evolve with a similar rate, while in an uncorrelated model the indi-
vidual rates cluster around the mean. Thus the assumption of auto-
correlation of rates in related species appears to be more realistic
than averaging rates across the branches. Our results also agree
with the study by Lepage et al. (2007), who demonstrated that
autocorrelated models outperform uncorrelated models, particu-
larly when the dataset is large. Cross-validation also found that
the LOG model was slightly better than the CIR process. Therefore,
we discuss below only divergence times averaged over all LOG
clock model settings (Table 1), as displayed in Fig. 1.
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4.3. Arthropod origins and age of major arthropod taxa

While the fossil record suggests the emergence of the Metazoa
during the Cambrian period 542-488 mya (e.g., Chen et al., 2004;
Chen, 2009; Conway Morris, 1993; Crimes, 1987; Harvey and
Butterfield, 2008; Shu et al., 1996), most molecular clock studies
estimated much older dates of up to 1200 mya (e.g., Blair et al.,
2005; Feng et al., 1997; Hausdorf, 2000; Lee, 1999; Nei et al.,
2001; Peterson et al., 2008; Wang et al., 1999). We obtained nota-
bly younger estimates in our studies, which, however, still do not
agree with a Cambrian origin of metazoan phyla. For example,
we dated the earliest divergence time within the Arthropoda
589 mya, while the first unambiguous arthropod fossils are
521 myr old (Chen, 2009; Crimes, 1987). The gap between a possi-
ble Precambrian emergence and the Cambrian metazoan fossils
may be explained by a period of cryptic evolution or detection bias,
e.g., due to largely unexplored Early Cambrian and Pre-Cambrian
Lagerstdtten (Benton and Ayala, 2003; Conway Morris, 1993;
Fortey et al., 1996; Valentine et al., 1991).

Traditionally, tardigrades have been joined with the arthropods
(Brusca and Brusca, 2003). Recent molecular studies suggested a
sister group relationship of tardigrades with Cycloneuralia (nema-
todes and allies) (Bleidorn et al., 2009; Lartillot and Philippe, 2008;
Meusemann et al., 2010; Roeding et al., 2007). However, this topol-
ogy has been discussed as an artifact due to long branch attraction
(Rota-Stabelli et al., 2011). Previous molecular clock studies esti-
mated an early origin of tardigrades 813-670 mya (Regier et al.,
2005; Sanders and Lee, 2010), while we calculated that the diver-
gence of Nematoda and Tardigrada took place during the Ediacaran
(~575 mya). Although our estimate is in better agreement with the
Cambrian fossils of crown-group tardigrades (Miiller et al., 1995),
it should be considered with caution because of the uncertain tar-
digrade relationships.

The closest arthropod relative of the myriapods is uncertain.
While some molecular studies either suggested a sister group rela-
tionship of Myriapoda and Pancrustacea (“Mandibulata”; e.g.,
Giribet and Ribera, 2000; Regier et al., 2010; Rota-Stabelli et al.,
2011), others provided evidence for a common clade of Myriapoda
and Chelicerata (“Myriochelata”; Pisani et al., 2004; Roeding et al.,
2009). Because Meusemann et al. (2010) recovered Myriochelata in
their Bayesian approach, this topology was assumed here although
it may be an artifact (Rota-Stabelli et al., 2011). We inferred that
Myriochelata and Pancrustacea diverged 562 mya. This is notably
younger than previous calculations based on topologies supporting
Myriochelata, which ranged from 672-642 mya (Pisani et al., 2004;
Regier et al, 2005). The branch that joins Myriapoda and
Chelicerata is comparatively short, corresponding to ~15 mil-
lion years (myr) with a large confidence interval (Fig. 1; Supple-
mental Table S3). Thus, a rapid divergence of the three clades
Myriapoda, Chelicerata and Pancrustacea may explain at least in
part the problems associated with the relationships among these
taxa.

There is still no conclusive myriapod record from the Cambrian,
but presence of fossils from putative sister group taxa (Crustacea,
Chelicerata) strongly suggests a Cambrian or earlier origin of Myr-
iapoda (Shear and Edgecombe, 2010). While previous studies date
the emergence of Myriapoda more than 600 mya (Otsuka and
Sugaya, 2003; Pisani et al., 2004; Regier et al., 2005), our estimates
of myriapod origin are comparatively young (~556 mya). Within
the Myriapoda, our results showed an age for the split of Diplopoda
and Chilopoda of ~504 mya, which is slightly older than previous
molecular studies (e.g., 442 mya; Pisani et al., 2004) and the fossil
record (~420 mya; Edgecombe and Giribet, 2007).

Most studies agree that Pycnogonida (sea spiders) represent the
earliest branch within Chelicerata (Meusemann et al., 2010; Regier
et al., 2010; Roeding et al., 2009). A larval sea spider from the upper

Cambrian (~500 mya) is the oldest fossil evidence for the split of
Pycnogonida and Euchelicerata (Waloszek and Dunlop, 2002).
Regier et al. (2005) suggested that this event took place
813-632 mya, but our calculation (~546 mya) is closer to the fossil
record. Our estimate for the origin of Xiphosura (horseshoe crabs;
~473 mya) agrees well with the fossil dating, ~445 mya (Rudkin
et al.,, 2008).

Traditionally, the divergence of Arachnida and Xiphosura has
been considered the first split within the Euchelicerata (Regier
et al., 2010; Weygoldt, 1998). However, several molecular studies
did not recover monophyletic Arachnida, but suggest a basal posi-
tion of the Acari (Meusemann et al., 2010; Roeding et al., 2007,
2009; Sanders and Lee, 2010). Given the low taxon sampling with-
in the arachnids, it must remain uncertain which topology may re-
flect a true relationship or a long branch attraction phenomenon.
This unresolved topology is the most likely explanation for the
younger divergence times of Acari (~424 mya) and Araneae in
other studies (~401-390 mya) (Aris-Brosou and Yang, 2002;
Jeyaprakash and Hoy, 2009; Sanders and Lee, 2010).

The origin of the clade leading to Pancrustacea (‘Crustacea’ and
Hexapoda) was previously estimated between 725 and 565 mya
(Burmester, 2001; Otsuka and Sugaya, 2003; Pisani et al., 2004;
Regier et al., 2005). Our results (~562 mya) are on the younger
side. We estimated the divergence of the clade leading to the crus-
tacean taxa Malacostraca, ‘Maxillopoda’ (Copepoda and Cirripedia)
and Branchiopoda, and to the subphylum Hexapoda at ~520 mya
in the early Cambrian. This timing is in line with recent findings
of a crown group crustacean from the Mount Cap Formation
515-510 mya (Harvey and Butterfield, 2008).

The oldest known hexapods are collembolans (springtails) from
the Lower Devonian ~400 mya (Kukalova-Peck, 1991). Previous
molecular analyses estimated the split between crustaceans and
hexapods (either Malacostraca-Hexapoda or Branchiopoda-Hexa-
poda) from 492-420 mya, but these studies relied on single or a
limited number of genes (Burmester, 2001; Gaunt and Miles,
2002; Otsuka and Sugaya, 2003; Regier et al., 2005; Sanders and
Lee, 2010). Based on an alignment of multiple genes, Pisani et al.
(2004) proposed that the divergence of Hexapoda and Crustacea
took place ~666 mya. Although our estimate (divergence of Bran-
chiopoda and Hexapoda 510 mya) is closer to the hexapod fossil
record, there is still a gap of ~100 myr. It must be considered that
the true crustacean sister group of the Hexapoda is ambiguous. Re-
cent studies have suggested that the enigmatic Remipedia may
represent the closest living crustacean relatives of Hexapoda (Ertas
et al.,, 2009; Regier et al., 2010). Unfortunately, fossil Remipedia are
rare and ambiguous, and ESTs are currently not available for dating
of the divergence from hexapods.

Within the insects, there is a general discrepancy between
molecular time estimates and fossils. For example, we dated the
divergence of Archeognatha and Pterygota ~455 mya, while first
archeognath fossils derive from ~390 myr old (Labandeira et al.,
1988) and first pterygotes from ~325 myr old strata (Prokop
et al,, 2005). Likewise, the time of the origin of Holometabola
was estimated ~391 mya, while the first unambiguous fossils are
~307 mya (Béthoux, 2009). Our time estimates are actually close
to previous calculations by (Gaunt and Miles, 2002), but the rela-
tively large gap between molecular and fossil dating requires fur-
ther investigations.

5. Conclusions

Although any molecular clock calculation for the inference of
divergence times embraces problems beyond experimental
control, we undertook measures to reduce potential errors to a
minimum. The large amount of orthologous sequences from many
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arthropod species, and the application of a relaxed Bayesian clock
model using evenly distributed calibration points yielded consis-
tent molecular divergence time estimates. Missing data had only
minor effect on the estimation of divergence times highlighting
the suitability of ESTs for molecular clock analyses. Likewise, selec-
tion of three data subsets (from fast, intermediate or slow evolving
genes) and different model priors had only negligible influence.
The application of different models (uncorrelated vs. autocorrelat-
ed models) had notable effects on divergence time calculations.
Along with errors in calibration points, inappropriate data and sim-
ilar problems, unsuitable models may explain in part the unrea-
sonably early divergence times obtained in some previous
molecular clock studies. Our approach resulted in divergence time
estimates of the arthropods that are generally in much better
agreement with the fossil record.
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Abstract

to reliably infer the phylogeny of Hymenoptera.

Background: Enormous molecular sequence data have been accumulated over the past several years and are still
exponentially growing with the use of faster and cheaper sequencing techniques. There is high and widespread
interest in using these data for phylogenetic analyses. However, the amount of data that one can retrieve from
public sequence repositories is virtually impossible to tame without dedicated software that automates processes.
Here we present a novel bioinformatics pipeline for downloading, formatting, filtering and analyzing public
sequence data deposited in GenBank. It combines some well-established programs with numerous newly
developed software tools (available at http://software.zfmk.de/).

Results: We used the bioinformatics pipeline to investigate the phylogeny of the megadiverse insect order
Hymenoptera (sawflies, bees, wasps and ants) by retrieving and processing more than 120,000 sequences and by
selecting subsets under the criteria of compositional homogeneity and defined levels of density and overlap. Tree
reconstruction was done with a partitioned maximum likelihood analysis from a supermatrix with more than
80,000 sites and more than 1,100 species. In the inferred tree, consistent with previous studies, “Symphyta” is
paraphyletic. Within Apocrita, our analysis suggests a topology of Stephanoidea + (Ichneumonoidea +
(Proctotrupomorpha + (Evanioidea + Aculeata))). Despite the huge amount of data, we identified several persistent
problems in the Hymenoptera tree. Data coverage is still extremely low, and additional data have to be collected

Conclusions: While we applied our bioinformatics pipeline to Hymenoptera, we designed the approach to be as
general as possible. With this pipeline, it is possible to produce phylogenetic trees for any taxonomic group and to
monitor new data and tree robustness in a taxon of interest. It therefore has great potential to meet the
challenges of the phylogenomic era and to deepen our understanding of the tree of life.

Background

Reconstructing the phylogeny of organisms, the tree of
life, is one of the major goals in biology and is essential
for research in other biological disciplines ranging from
evolutionary biology and systematics to biological control
and conservation. In phylogenetics, molecular characters
have become an indispensable tool, since they can be col-
lected in a standardized and automated way. This is indi-
cated by the exponential growth of published data, with a
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current doubling time of approximately 30 months [1]
and expected massively accelerated data generation over
the next several years. The sequencing of expressed
sequence tags (ESTs), complete genomes and countless
single-gene fragments has resulted in enormous, yet
highly incomplete and unbalanced, data sets accessible
via public databases such as the National Center for Bio-
technology Information (NCBI) GenBank, the European
Molecular Biology Laboratory (EMBL) and the DNA
Database of Japan (DDBJ).

The accumulation of new data is, of course, important,
but the potential of the currently available data for phy-
logenetic analysis has not yet been sufficiently explored.

© 2011 Peters et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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McMahon and Sanderson [2], Sanderson et al. [3] and
Thomson and Shaffer [4] have published their attempts
to use molecular data from public databases and to pro-
cess them for phylogenetic analysis. However, these
approaches, while valuable and trend-setting, did not
offer thorough solutions and call for extension, improve-
ments and updates in terms of generalization, detail,
analysis and degree of automation. Any new approach
must offer solutions to deal with data scarcity, poor data
overlap, nonstationary substitution processes, base com-
positional heterogeneity and data quality deficits. In this
study, we address these problems with a newly devel-
oped bioinformatics pipeline. We use a large exemplar
taxon for which far more than 100,000 sequences have
been published and show that comprehensive analyses
can potentially deliver new results which were not avail-
able from each included data set separately.

As an exemplary taxon, we chose the insect order
Hymenoptera, which comprises prominent groups such as
bees, ants and wasps, the latter including the overwhelm-
ing armada of parasitoid species [5]. The Hymenoptera
seem well-suited to demonstrate the power of our
approach, since the taxon is megadiverse and offers a
number of phylogenetic challenges, including many unre-
solved relationships and well-known problems that are
associated with so-called long-branch taxa and rapid radia-
tions (see, for example, [6-8]). Over a long period, com-
paratively few authors tried to resolve the phylogenetic
relationships of the major lineages of Hymenoptera (see,
for example, [9-16]). In recent years, however, interest and
effort in solving higher-level relationships within the
Hymenoptera have notably increased and led to the publi-
cation of an extensive analysis based exclusively on mor-
phological characters [17], a study using complete
mitochondrial genomes [18], a supertree approach using
previously published trees [19], a phylogenetic estimate
based on EST data [20] and a taxon-rich four-gene study
[21]. In the past five years, complete nuclear genomes of
several Hymenoptera species have been sequenced. Most
noteworthy in this context are the genomes of the honey
bee Apis mellifera [22] and the jewel wasp Nasonia vitri-
pennis, with its sibling species N. giraulti and N. longicor-
nis [23]. These genomes contributed significantly to the
amount of sequence data available for Hymenoptera.
However, their number is still too small to profitably aug-
ment phylogenetic analyses.

Overall, there are only few phylogenetic hypotheses on
major lineages within Hymenoptera that are generally
accepted. These are as follows: (1) “Symphyta” (sawflies)
are paraphyletic, with the absence of the constriction
between the first and second abdominal segments (that
is, the wasp waist) as a symplesiomorphic character; (2)
Apocrita (wasp-waisted wasps) are monophyletic (see, for
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example, [24]); (3) Xyelidae are sister group to all other
Hymenoptera (see, for example, [25-27]); (4) Orussidae
are sister group to Apocrita (see, for example, [17,18,27])
and (5) Aculeata (stinging wasps; Apoidea, Chrysidoidea
and Vespoidea) are monophyletic (see, for example, [28]).
In addition, most of the 22 currently recognized superfa-
milies are presumed to be monophyletic (see [29] for a
synopsis). Numerous relationships within Hymenoptera
are still unresolved. Among them, the most intriguing
ones are the phylogeny of the major lineages within
Apocrita, and in particular what the sister group of Acu-
leata is, and the monophyly and phylogeny of Proctotru-
pomorpha sensu Rasnitsyn 1988 [13] (Chalcidoidea,
Cynipoidea, Diaprioidea, Mymarommatoidea, Platygas-
troidea and Proctotrupoidea).

In this study, we present a standardized, fast and trans-
parent bioinformatics pipeline to collect, filter and analyze
public sequence data deposited in GenBank. The pipeline
is designed to be generally applicable in terms of taxa,
genes and the variety of potential users. We apply this
pipeline to sequences of Hymenoptera and discuss our
results against the background of current hypotheses on
two selected questions: the phylogeny of the major lineages
within Apocrita and the monophyly and phylogeny of
Proctotrupomorpha. Additionally, we use the results to
diagnose persistent problems in the hymenopteran tree.
Finally, we illustrate the merit of being able to easily gener-
ate trees from available sequence data at a time when data
sets are accumulating at an ever-increasing speed.

Methods

We developed a bioinformatics pipeline that includes
automated data retrieval, processing, filtering and analy-
sis of sequence data using available programs in combi-
nation with newly developed scripts. The individual steps
of the pipeline are illustrated in Figure 1. Those steps
that are executed by new scripts are highlighted in blue.
These scripts can be downloaded from http://software.
zfmk.de/ or accessed as part of Additional file 1. They
have been written in the Ruby or Perl programming lan-
guage and will run on any Linux operating system. Each
of our scripts comes with a manual that provides more
detailed information on what it does and how to use it
(manuals are available at http://software.zfmk.de/ and
also are located in Additional file 1). Table 1 summarizes
all new scripts and their respective tasks. To maneuver
through the pipeline, each script has to be manually
started with the output from the preceding step. This
allows the user to manually interfere at each step or to
modify the pipeline to adapt it to new demands. In the
following paragraphs, we explain the individual steps of
the pipeline using the example of the analysis of Hyme-
noptera sequences deposited in GenBank.
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Download from GenBank [l]

Nuclear seqs Mitochondrial segs + nuclear non-coding seqs
Standardize headers [a.l] Standardize headers [b.l]
Assembly of coding seqs (CAP3) [a.ll] Split sequences to single genes [b.l1]
Search for orthologs (HaMStR) [a.lll] Check strand polarity and sequence similarity in blast2seq [b.llI]
Choose longest seq per species and gene [a.lV] Choose longest seq per species and gene[b.IV]

Translate coding mt segs from nt to aa [b.V]

Delete groups of orthologs with < 3 species [Il]

Delete species with only 1 seq and
groups with < 3 species [lll]

Alignment (MAFFT) [IV]
Refinement of alignment (MUSCLE) [V]
Backtranslate coding mt seqs from aa to nt [VI]
Mask alignment ambiguous or highly divergent regions (ALISCORE, Gblocks, gapkiller) [VII]
Select codon positions 1 and 2 in coding mt genes [VIII]
Select maximum clique of seqs with 2 100nt or 2 100aa overlap [IX]

Select second maximum clique from rest [X]

Ban compositional heterogeneity [XI]

Ban compositional heterogeneity from rest [XIl]

Delete species with only 1 seq and
groups with < 3 species [XII]

Prune generato 15 species [XIV]

Select largest group of species that overlap in 2 1 group of orthologs [XV]

Subset 2: Add 2 species
from excluded supertaxa

Concatenate to supermatrix [XVI] Concatenate to supermatrix

Partitioned maximum likelihood analysis
with rapid bootstraps (ProtTest, RAXML) [XVII]

The tree [XVIII]

phylogenetic analysis are highlighted in red. The additional procedure to infer subset 2 is shaded in gray.

Figure 1 Outline of our pipeline that processes GenBank sequence data for phylogenetic analysis. Steps that are executed by newly
developed scripts are highlighted in blue, and external programs are written in parentheses after step description. Steps that directly refer to the

Sequence data retrieval and data processing brackets correspond to those in Figure 1). The script
We downloaded all sequences of Hymenoptera depos-  searched for the query taxon (Hymenoptera) in the
ited in GenBank 172.0 (as of 18 August 2009) with the nucleotide and in the EST database of GenBank (NCBI)
aid of the script prosegco [I] (Roman numerals in square  and stored the sequences of each species in a separate
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Table 1 New scripts used in our pipeline®
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Step Number Script

Download from GenBank 1] proseqco

Standardize headers [a.], [b.l] header_standardizer

Split sequences to single genes [b.1] multiple_sequence_splitter
Check strand polarity and sequence similarity [b.11] checking_seq

Choose longest sequence per species and gene [a.lV], [b.V] choose_longest_seq
Translate coding mitochondrial sequences from nucleotides to amino acids [bV] dna2aa

Delete groups of orthologs with three or fewer species {11, [, [XH small_groups_deleter
Delete species with only one sequence (1, oximn taxon_deleter
Backtranslate coding mitochondrial sequences from amino acids to nucleotides W aa2dna

Mask gappy regions in alignment v gap_killer

Select maximum cligue of overlapping sequences [IX], [X] minimum_sequence_overlap
Ban compositional heterogeneity X1, X1 nucleotide_chi

Prune genera to best represented species [XIV] prune_genera

Select largest group of species that overlap in at least one group of orthologs [XV] reduce?leading_gene
Concatenate alignments [XVI] concatenator

“Available at http:/software.zfmk.de/ and in Additional file 1. All scripts were written in Ruby, except for checking_seq, which was written in Perl. Numerals

(column “Number”) correspond to those in Figure 1.

Fasta file. Mitochondrial sequences plus nuclear non-
coding sequences (ITS1, ITS2 and nuclear rRNA) (right
path b) and all other nuclear sequences (left path a)
were retrieved in two separate downloads. For outgroup
comparison, we additionally retrieved sequence data of
the transcriptome, the nuclear noncoding genes and the
complete mitochondrial genome of Bombyx mori (Lepi-
doptera), Aedes aegypti (Diptera) and Tribolium casta-
neum (Coleoptera). The gi numbers of all downloaded
sequences are listed in Additional file 2.

Left path a

The nuclear sequences were assembled into contigs for
each species using the sequence assembly program CAP3
[30] [a.IT]. Orthologous sequences were identified using
HaMStR 1.3 [31] [a.III]. We used the Insecta core set
(available at http://www.deep-phylogeny.org/hamstr/
download/datasets/hmmer2/) to build hidden Markov
models (default settings). The genome of A. mellifera was
chosen for the reciprocal BLAST search [31]. (If sequences
of other taxa are processed, a different core set and a dif-
ferent species for the reciprocal BLAST search will have to
be selected.) We chose HaMStR as the currently most
practicable tool to automatically assign orthology among
nucleotide and EST sequence data. During the HaMStR
orthology prediction, all nucleotide sequences are trans-
lated into the corresponding amino acid sequences.

Right path b

The mitochondrial sequences and the nuclear noncod-
ing sequences deposited in GenBank often include
regions that span more than just one gene. In these
instances, the script multiple_sequence_splitter uses
information from the corresponding GenBank file to
split sequences into fragments that correspond to single

genes; that is, it creates multiple sequence files of single
genes [b.II]. This step was serially applied to each file
that we obtained from the previous step by means of a
shell script. (See the multiple_sequence_splitter manual
for a description of how to do this. Any step of the
pipeline that had to be serially applied to a set of files
was executed by means of a similar shell script [a.], a.IV,
b.I, b.IL, b.IV, b.V, IV, V, VI, VI, IX, X, XI and XII].) In
each of the obtained files, we used the script checking -
seq to check for consistent strand polarity and overall
similarity between sequences [b.III]. This was done to
revert sequences with deviating strand polarity, to
exclude wrongly annotated sequences and to ensure that
all sequences in a single-gene file were orthologous. The
script checking seq compares a template of a gene with
all the sequences of the single-gene files that were cre-
ated in step [b.II] in blast2seq [32]. The identity (blas-
t2seq results) between template and target sequence had
to be more than 15 nucleotides. Otherwise, the reverse
complement of the target sequence was checked, and
hits were reverted. If identities were still below the
match threshold, the target sequences were compared
with a second, third or fourth template. Primary tem-
plates were taken from A. mellifera. (If sequences of
other taxa are processed, other templates will have to be
selected.) We randomly selected sequences from pre-
viously successfully checked sequences as subsequent
templates. A maximum of four templates were used
before we finally discarded a sequence. Then, to prepare
the remaining sequences for the subsequent alignment,
all coding mitochondrial sequences were translated from
nucleotide to corresponding amino acid sequences with
the aid of the script dna2aa, which uses the respective
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GenBank information for this task [b.V]. Steps b.IV and
b.V of our pipeline are automatically consecutively exe-
cuted when using the script batchl_bIVtobV.sh. (See
manual of batch scripts for details.)

Both paths

Sequence headers of all sequences were standardized
to “>species,family,gi no.” with the aid of the script
header_standardizer, which uses the data included in
the GenBank entries [a.I and b.I]. If multiple sequences
were available for a given species and gene after respec-
tive steps [a.l to a.Ill] and [b.I to b.IlI], we chose the
longest sequence from the unaligned multiple sequence
files [a.IV and b.IV]. This was done by using the script
choose_longest_seq.

Converged paths

We obtained numerous groups of orthologous sequences
from path a and path b. Groups of orthologs that com-
prised three or fewer species were deleted by the script
small_groups_deleter [11]. To increase data density, we
discarded all species with only a single sequence in the
data set by using the script taxon_deleter and again
deleted groups of orthologs with three or fewer species
by using small_groups_deleter [I11].

Multiple sequence alignment and alignment masking
Orthologous sequences were aligned with MAFFT v6.712b
using the auto option [IV]. Depending on the size of an
alignment, MAFFT automatically chooses a suitable align-
ment option, such as L-INS-i for < 200 sequences and
FFT-NS-2 for > 2,000 sequences [33,34]. All alignments
were subsequently refined with the refinement option in
MUSCLE version 3.7 [35] [V]. These are powerful align-
ment tools that allow processing very large data sets in
reasonable time. Steps II through VI of our pipeline are
automatically consecutively executed when using the
script batch2_IItoVI.sh. (See the manual of batch scripts
for details.) Aligned and refined mitochondrial amino acid
sequences were then translated back into nucleotide
sequences with the aid of the script aa2dna, which uses
the corresponding reading frame information from the
GenBank file [VI]. From this point on, we proceeded with
nucleotide sequences for all mitochondrial sequences and
nuclear noncoding sequences, as well as with amino acid
sequences for the nuclear coding sequences (available
since step [a.III]).

Ambiguously aligned or highly diverged regions of the
alignment were masked with three different algorithms
[VII]. We applied ALISCORE [36,37] and ALICUT ([38]
for noncoding nucleotide sequences and for nuclear
amino acid sequences (default settings). Since the multi-
ple sequence alignment of 28S rRNA was too big to be
processed with ALISCORE, we used Gblocks 0.91b
[39,40] for 28S instead (block parameter settings: (1)
number of included seq/2 = 1020, (2) 1020, (3) 5, (4) 10,
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and (5) all). Finally, we used the script gapkiller to iden-
tify and delete sites with more than 70% gaps in coding
mitochondrial sequences. Then we masked all third
codon positions of mitochondrial coding sequences
[VIII] and concatenated all tRNA alignments to one sin-
gle alignment.

Species and sequence subset selection

In each group of orthologous sequences, we selected the
largest group of species in which the sequences of all spe-
cies overlap in at least 100 nucleotide or amino acid posi-
tions [IX]. This was done with the aid of the script
minimum_sequence_overlap. The script applies a maxi-
mum clique algorithm. Generally, a maximum clique
search is a way to find the largest group of items that fulfill
a certain pairwise criterion. (See Additional file 3 for a
short introduction to maximum cliques.) This approach is
the formal solution to guarantee that our overlap criterion
is fulfilled. Species that were not included in this first max-
imum clique were considered again in a search for a sec-
ond maximum clique using the same criteria and the same
script as before [X]. So, for each gene, we retained two
separate files with groups of orthologous sequences: the
first and the second maximum clique, respectively.
Sequences that were not included in either of the maxi-
mum cliques were discarded.

To identify sequences that showed compositional het-
erogeneity in each group of orthologous nucleotide
sequences, we used the script nucleotide_chi. The script
applies a % test (test procedure identical to the x> test
implemented in TREE-PUZZLE [41]) and proceeds with
excluding sequences with a base composition that signifi-
cantly deviates until all sequences show compositional
homogeneity [XI]. Since excluded sequences could com-
prise another set of homogeneous sequences, they were
again tested with the same procedure as before to obtain a
second group of sequences with compositional homogene-
ity [XII]. Sequences that did not end up in either of the
two groups with compositional homogeneity were dis-
carded. After discarding numerous sequences in steps IX
through XII, we again excluded species with only one
sequence in the data set by using the script taxon_deleter
and groups of orthologs with three or fewer species by
using the script small_groups_deleter [XIII]. Next, we
pruned species-rich genera to the 15 species that were
best represented in the data set by using the script prune_-
genera. The representation criteria were, in this order, (1)
the number of sequences in the data set and (2) the overall
length of the sequence in the data set [XIV].

In a final subset selection step, we ensured that all
species to be included in this subset overlap in at least
one gene fragment of at least 100 nucleotide or amino
acid positions [XV]. With the aid of the script reduce2-
leading gemne, we pruned the data set to those species
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that were present in the most sequence-rich group of
orthologs. This was the largest group of species that ful-
filled the overlap criterion. In case of Hymenoptera, this
group was a group of COX1 sequences. All correspond-
ing sequences were concatenated with the script conca-
tenator to one supermatrix. This supermatrix is referred
to as “subset 17 [XVI]. Steps IX through XVI of our
pipeline are automatically consecutively executed when
using the script batch3_IXtoXVILsh. (See manual of
batch scripts for details.) In addition to subset 1, we
selected a second subset. To accomplish this, we made
concessions to systematic considerations and added to
subset 1 representatives of Hymenoptera families that
were excluded by any of the previous filtering steps. If
more than two species of the respective families were
available, we selected the two best-represented species
using criteria identical to those in step [XIV]. With
those sequences reincluded in the respective groups of
orthologs, the tests for compositional heterogeneity (as
described in step [XI]) were repeated and all sequences
were finally concatenated to a supermatrix. This super-
matrix is referred to as “subset 2.”

Tree reconstruction

Phylogenetic inference of subset 1 and of subset 2 was
done under the maximum likelihood (ML) optimality cri-
terion in partitioned analyses with RAXxML 7.2.8 [42,43]
under the GTRCAT model. Analyses were computed on
HPC Linux clusters, 8 nodes with 12 cores each, at the
Regionales Rechenzentrum Koéln (RRZK) using Cologne
High Efficient Operating Platform for Science (CHEOPS);
input was done in phylip format; and conversion of Fasta
to phylip was done using Readseq [44] [XVII]. Nuclear
coding genes were treated as one partition (PROTCAT
model, substitution matrix LG + F, taken from ProtTest
[45]). All other groups of orthologs were treated as sepa-
rate partitions (32 partitions in total). (See Additional file
4 for the character partitions of subset 1 and 2.) We
applied the rapid bootstrap algorithm [46] with a subse-
quent tree search. The numbers of bootstrap replicates
were estimated on the fly by the “bootstopping” criteria
implemented in RAXML 7.2.8 (default settings) [47]. The
analyses yielded two trees. These trees are referred to as
“tree 1”7 (corresponding to subset 1) and “tree 2” (corre-
sponding to subset 2). Trees were edited in Dendroscope
[48] [XVIII].

Hymenoptera systematics
We follow the terminology of [29] for supraspecific taxa
of Hymenoptera.

Results
We downloaded 122,723 Hymenoptera sequences from
GenBank 172.0 (as of 18 August 2009), including those
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of the nuclear genome of N. vitripennis (9,254 contigs).
The annotation of the nuclear genome of A. mellifera
was used as a reference when searching for orthologs
(see Methods, step [a.IlI]), and corresponding sequences
of this species were added during this step. After the first
processing steps [a.I/b.I to II], including a search for
orthologs, a sequence check with checking seq, filtering
for longest sequence per species and gene, and excluding
groups of orthologs with fewer than four species, the
data set included a total of 13,573 sequences from 4,536
species and 375 genes. Step [III], the exclusion of species
with only one sequence in the data set, led to the exclu-
sion of 1,074 species and subsequently of 68 groups of
orthologs. Accordingly, sequences of 3,462 species in 307
groups of orthologs were aligned in step [IV]. The selec-
tion of the first and second maximum cliques of species
with an overlap of at least 100 nucleotides or amino acids
[steps IX and X] and the subsequent tests for composi-
tional heterogeneity [steps XI and XII] led to the exclu-
sion of 669 species and reduced the data set to 2,793
species. The pruning of species-rich genera to 15 species
led to the exclusion of another 549 species [step XIV].
Pruned genera were Camponotus, Cardiocondyla, Dory-
lus, Lasius, Myrmecocystus, Pheidole, Pogonomyrmex,
Polyrhachis, Pseudomyrmex (Formicidae), Bombus,
Diadasia, Euglossa, Xylocopa (Apidae), Colletes, Hylaeus
(Colletidae), Aleiodes, Cotesia (Braconidae), Ceratosolen
(Agaonidae), Andricus (Cynipidae), Neodiprion (Diprioni-
dae), Pontania (Tenthredinidae), Megastigmus (Torymi-
dae) and Polistes (Vespidae).

After selecting the largest group of species that overlap
in at least one group of orthologs [step XV], the final con-
catenated data set (subset 1) included 1,146 species (46
families), 222 groups of orthologs, 3,951 sequences and
88,626 aligned sites. Data coverage in subset 1 (number of
sequences + number of groups of orthologs x number of
species) was 1.55%. Tree reconstruction and 560 rapid
bootstrap replicates took 8.3 days. Tree 1 obtained from
subset 1 is shown in Figures 2 and 3 and Additional file 5.

Subset 2 included an additional 115 sequences of 51
species from 31 families. Overall, the concatenated subset
2 consisted of 1,207 species (77 families), 222 groups of
orthologs, 4,005 sequences and 88,807 aligned sites. The
number of species is > 1,146 plus 51 due to repeated
tests for compositional heterogeneity with slightly differ-
ent results. (Both subsets are available at http://www.
zfmk.de/web/Forschung/Molekularlabor/Datenstze/
index.en.html). Data coverage (number of sequences +
number of groups of orthologs x number of species) in
subset 2 was 1.49%. Tree reconstruction and 512 rapid
bootstrap replicates took 8.9 days. Tree 2 obtained from
subset 2 is shown in Figure 4 and Additional file 6. All
species and all groups of orthologs included in subsets 1
and 2 are listed in Additional files 7, 8, 9 and 10.
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includes 1,142 species. The applied color code indicates major lineages.
A\

Figure 2 Simplified phylogenetic tree of Hymenoptera inferred from GenBank sequences (tree 1 obtained from subset 1). The tree

Discussion

The aim of the present investigation was to develop a
bioinformatics pipeline for retrieving, processing, filter-
ing, editing and analyzing large amounts of sequence
data from GenBank in a phylogenetic context. Instead of
using supertree approaches to explore existing data (see,
for example, [19,49]), we relied on a direct reanalysis of
the sequence data. Smith et al. [50] presented an alterna-
tive approach that they called a “mega-phylogeny
approach”, which also directly uses sequence data. It

includes an a priori selection of gene regions of interest
and an a priori separation of sequences into alleged
monophyla with the aims of reducing the size of the
supermatrix and improving alignment quality. A number
of taxon-specific studies have also made use of GenBank
sequence data, but those studies focused on specific
genes (see, for example, [51,52]). We intended to avoid a
priori decisions. In our pipeline, we suggest solutions for
almost any obstacle that may appear along the way from
sequence retrieval to tree reconstruction under the ML



Peters et al. BMC Biology 2011, 9:55
http://www.biomedcentral.com/1741-7007/9/55

Page 8 of 14

& Formicidae 205
_|_ e Vespidac 34
| Mutillidae 1
Pompilidae 1
Bethylidae 1
o Bradynobaenidae 1

Apidae 136
Megachilidae 7
Andrenidae 2
Colletidae 57
Halictidae 3
Megalyridae 1
e e— Sphecidae 1
Chrysididae 34
o Evani?dae 24
83 Aulacidae 2
Gasteruptiidae 1

: Cynipidae 67
Figitidae 4

69 Ibaliidae 2
| _E Cynipoidea indet. 1
Liopteridae 1

Cynipidae 3
Platygastridae 46
Pteromalidae 6
Eurytomidae 13
Eurytomidae 2
Agaonidae 27

Vespoidea

Apoidea

o | Chrysidoidea

Evanioidea

Cynipoidea

| Platygastroidea

100

Agaonidae 1
e— E urytomidae 1
e Chalcididae 1 Chalcidoidea
98 Mymaridae 8
Eulophidae 1
Eulophidae 1
o Eulophidae 1
0 Torymidae 2
Trichogrammatidae 8
99 h
e Torymlc.iae 2
52 s Braconidae 226
09 Trigonalidae 1 Ichneumonoidea
e \ChnEUmONdae 22

100

e — Stephanidae 2 | stephanoidea

30

Vanhorniidae 1

100 A@.(ye"dae 1 I Siricoidea
|100_ Siricidae 3 .
Cephidae 4 | Cephoidea

M Xiphydriidae 1
s Megalodontesidae 1

| Xiphydrioidea

s Pamphiliidae 5 I Pamphilioidea

77

Blasticotomidae 1

|31— Pergidae 3
IS Argidae 3
Tenthredinidae 1

‘Tenthredinoidea’

75 2 Diprionidae 18
Tenthredinidae 49
9% Cimbicidae 1
Cimbicidae 3

Bombyx mori (Lepidoptera)

erroneous are shown in gray.

Figure 3 Phylogenetic tree of Hymenoptera inferred from GenBank sequences (tree 1), reduced to family level. Numbers that follow the
family names indicate the number of analyzed species. Numbers above branches indicate bootstrap support values (%). Values < 50% are
omitted. The applied color code corresponds to that of Figure 2. Single species whose position in the inferred phylogenetic tree we consider

optimality criterion. In various regards, our approach is
an extension and improvement of earlier efforts [2,4]. It
offers an extended degree of automation in steps such as
downloading from GenBank, sorting of sequences and
translating and backtranslating sequences [steps I, b.II, b.
V and VI] (Figure 1). Also, our approach includes
improved quality management, such as by automatically
checking the GenBank sequences for strand polarity and
annotation, by masking problematic alignment regions
and by handling compositional heterogeneity [steps b.III,
VII and XI] (Figure 1). Our data selection steps [for
example, steps III, IX and XV] (Figure 1) guarantee stan-
dardized levels of the density of the data set and of
sequence overlap between included species. By choosing
a minimum sequence overlap of 100 positions, we

attempted to find a reasonable compromise between
sequence overlap and number of species in the analysis.
A larger overlap would have led to a significant decrease
of the number of species in our phylogenetic tree.
Furthermore, the present study is an update in terms of
tree reconstruction facilities. We have, for the first time,
applied a ML algorithm to such a large amount of Gen-
Bank data [step XVII] (Figure 1). Our approach is more
general and independent of the taxonomic group. Finally,
our bioinformatics solution is transparent and user-
friendly. We provide all new scripts with respective com-
ments and detailed manuals as part of this publication so
that the pipeline is ready for use by anybody interested.
In the following paragraphs, we discuss the results of our
exemplary pipeline run with Hymenoptera data.
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Figure 4 Phylogenetic tree of Hymenoptera inferred from GenBank sequences (tree 2 obtained from subset 2), reduced to family

level. In this tree, species that were excluded by our pipeline in the course of generating subset 1 are reincluded. These taxa are marked with
asterisks. The meaning of numbers and the applied color code correspond to those in Figure 3.

Data set and analysis

One of the main characteristics of data sets when com-
bining sequence data from independently conducted
investigations is data scarcity; that is, the lack of data
overlap. Data distribution in supermatrices is unbalanced,

and, as a consequence, there is a huge amount of missing
data. However, data sets do not necessarily have to be
complete to provide phylogenetic information. In fact,
there is evidence that even with very low coverage, reli-
able phylogenetic estimates can be obtained (see, for
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example, [53]). The sheer proportion of missing data is
not decisive as long as the number of characters scored is
sufficient to correctly place the taxa in the tree [54].
Accordingly, we tried to cope with the problem of data
scarcity by ensuring a minimum sequence overlap
between taxa and a standardized data set density [steps
III, IX, XIII, XIV and XV] (Figure 1). Still, our Hymenop-
tera data matrix is very large and exhibits very low cover-
age (1.5%). This is a direct consequence of the
characteristics of the original sequence information pre-
sent in GenBank. A large number of species for which
only few sequences are available contrasts with a small
number of species for which the transcriptome, the mito-
chondrial genome or even the entire nuclear genome
have been sequenced. By combining all of these data in a
single analysis, this data set will inevitably become large
and unbalanced and will suffer from low overlap between
taxa. Irrespective of the fact that sequencing is getting
cheaper and faster and that phylogenomic data will
rapidly increase the size of data sets, the data characteris-
tics described herein are still expected to prevail in the
near future. The challenge is to find optimal subsets for
phylogenetic analysis in order to explore available infor-
mation and to subsequently identify and fill the most
severe gaps via target-specific sequencing. Accordingly,
one of the goals of our approach has been to identify
unstable nodes and to suggest future foci of molecular
phylogenetic studies, in Hymenoptera, for an effective,
economical and time-saving process.

For tree reconstruction, we performed supermatrix ML
analyses. To the best of our knowledge, this is the largest
set of eukaryotic real data studied using ML analysis. Past
studies that utilized very large data sets applied supertrees
or parsimony analyses. For example, McMahon and
Sanderson [2] and Thomson and Shaffer [4] applied maxi-
mum parsimony analyses with supermatrices in their pipe-
lines, but stated that they based this decision mainly on
speed and computational capacity. However, with the lat-
est program version of RAXML implementing partitioned
analysis, rapid bootstrap functions, and the ability of paral-
lel analyses, even very large data sets, can be analyzed in a
reasonable amount of time. In the next few years, systema-
tic biologists’ access to multicore computers will get easier
and broader, and high-performance computing (HPC) will
become routine. At the moment, subsets should be con-
strained in size to allow ML analysis. During our work, we
set an approximate maximum of 1,500 taxa and 100,000
sites. Phylogenetic analyses of subsets of this size take a
maximum of two weeks on a fully parallelized HPC unit
such as the one that we used. Unless one wants to analyze
data sets that are significantly larger than ours, there is no
computational or speed argument left to perform super-
tree or parsimony methods in favor of ML analyses.
Accordingly, our approach was designed to prepare data
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for ML analysis. However, if a user wants to apply other
algorithms for tree reconstruction (for example, maximum
parsimony) or to adjust parameters (for example, to seek
an extension of exploration of tree space or a comparison
between inferred trees), the supermatrix produced by
our pipeline can be used just as well (after step XVI)
(Figure 1).

The phylogeny of Hymenoptera

We have restricted our results and discussion to (1) new
contributions to the phylogeny of major lineages within
Apocrita and to the monophyly and phylogeny of Procto-
trupomorpha, (2) the recovery of some noncontroversial
relationships and (3) the diagnosis of persistent problems
and possible solutions. Phylogenetic relations within
Hymenoptera are far too numerous and complex to be
exhaustively discussed. The complete trees in Additional
files 5 and 6 can be consulted for lower systematic level
relationships.

In the following subsections, we repeatedly refer to sin-
gle species as “misplaced”. This means that their position
as inferred in our trees clearly contradicts previous results
from taxonomic as well as morphological and molecular
phylogenetic studies. Accordingly, the phylogenetic posi-
tions of these taxa were considered artefacts and were
excluded from discussion of topologies.

Major lineages within Apocrita

Within Apocrita, our analysis suggests a topology of Ste-
phanoidea + (Ichneumonoidea + (Proctotrupomorpha +
(Evanioidea + Aculeata))) (with misplacement of a single
Vanhorniidae as sister to Stephanoidea being ignored)
(Figure 3). Stephanoidea was inferred to be sister group to
all other Apocrita in the morphological analyses of
Vilhelmsen et al. [17]. Our analysis gives additional support
for this relationship. The Ichneumonoidea are monophy-
letic in our trees. (Misplacement of a single Trigonalidae as
sister to Braconidae is ignored.) Ichneumonoidea has been
suggested as sister group to Aculeata by Rasnitsyn [13], a
relationship that found only moderate support from Vil-
helmsen et al. [17] and was not retrieved by most recent
analyses (see, for example, [16,21,24,55,56]). Our trees cor-
roborate the results of most analyses cited above and sug-
gest a rejection of the clade Aculeata + Ichneumonoidea.
Instead, we found Evanioidea to be sister group to Aculeata
in our trees. A sister group relationship of Evanioidea and
Aculeata has been suggested only by the combined mor-
phological and molecular analysis by Sharkey et al. [57],
and there are currently no convincing morphological syna-
pomorphies that would support this clade. However,
despite low branch support, we consider it quite possible
that the Evanioidea are the long-sought sister group to
the Aculeata and suggest further investigation of this parti-
cular clade. Rasnitsyn [13] introduced the supertaxon
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Evaniomorpha, which includes Evanioidea, Ceraphronoi-
dea, Megalyroidea, Trigonaloidea and Stephanoidea. We
argue against the monophyly of Evaniomorpha, as our data
support Stephanoidea as sister taxon of the remaining
Apocrita (corroborating Vilhelmsen et al. [17]). We cannot
provide substantial information on the position of the
superfamilies Ceraphronoidea, Megalyroidea and Trigona-
loidea, because their representatives are either included
solely in the extended, possibly less reliable tree 2 (Ceraph-
ronoidea) or obviously misplaced (Megalyroidea and
Trigonaloidea).

Proctotrupomorpha

In our analyses, Proctotrupomorpha s./. (that is, sensu
Rasnitsyn 1988 [13]) was retrieved when again ignoring a
few misplaced taxa. In tree 1, Proctotrupomorpha com-
prises Chalcidoidea, Platygastroidea and Cynipoidea (all
of which are monophyletic, forming Cynipoidea + (Platy-
gastroidea + Chalcidoidea)). In tree 2, more representa-
tives of Proctotrupomorpha s./. are present, and the
inferred topology suggests the following relationships:
Cynipoidea + (Platygastroidea + (Mymarommatoidea +
(Diaprioidea + Chalcidoidea))). This contradicts the often
proposed sister group relationship between Mymarom-
matoidea and Chalcidoidea (see, for example, [24,57,58];
but see the ambiguity in [17]). A sister group relationship
between Diaprioidea and Chalcidoidea was retrieved in
the molecular analyses of Castro and Dowton [56], but
their taxon sampling lacked Mymarommatoidea, and was
retrieved by Heraty et al. [21]. Our study is one of the
first to include Mymarommatoidea in a molecular phylo-
genetic analysis, but the position of Mymarommatoidea
in our analysis is not well supported and the group is
represented only in the less reliable tree 2. A position of
Chalcidoidea outside Proctotrupomorpha was recently
proposed by Sharanowski et al. [20] based on the analysis
of 24 putative orthologous genes (derived from ESTs)
from a small number of taxa. We regard this position as
unlikely based on our own results and those of previous
molecular studies that provided respective parts of our
data set [16,21,56]. The most recent morphological or
combined morphological and molecular analyses also
contradict an origin of Chalcidoidea outside Proctotrupo-
morpha [17,57].

Recovery of noncontroversial relationships

We evaluated the reliability of the inferred phylogenetic
trees by the recovery of phylogenetic relationships that are
largely considered noncontroversial. We found positive
indications in tree 1. Specifically, our results are consistent
with the generally accepted paraphyly of “Symphyta” (see,
for example, [24]) and with the generally accepted mono-
phyly of Apocrita and Aculeata (see, for example, [24,28])
(with misplacement of one Megalyridae within Aculeata
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being ignored). Also, we retrieved the noncontroversially
monophyletic superfamilies Apoidea, Chalcidoidea, Cyni-
poidea, Evanioidea, Ichneumonoidea and Siricoidea. How-
ever, some crucial taxa were not represented in tree 1:
Xyelidae and Orussidae. If we add them to the data set to
infer tree 2, they are misplaced. The Xyelidae are found as
a sister group to Pamphilioidea (Figure 4). This position is
not very likely, as the sister group relationship of Xyelidae
and the remaining Hymenoptera is well supported
[25-27]. The Orussidae, which have a key position within
Hymenoptera evolution as sister group of Apocrita, are
placed at the base of Apocrita along with some Proctotru-
poidea taxa (Figure 4). However, the clade Orussidae +
Apocrita is well established and supported by morphologi-
cal and molecular data (see, for example, [13,17,18,57]).
This demonstrates the necessity of sequence overlap defi-
nitions and shows that the positions of reincluded taxa
(indicated by asterisks in Figure 4 and Additional file 6)
have to be discussed with caution. The backbone of the
tree, with its major splits, however, remains largely unaf-
fected by adding taxa that do not fulfill our overlap
criteria.

Diagnosis of persistent problems and possible solutions
With the aid of our trees, we identified several persistent
problems in the Hymenoptera tree. While the available
sequence data already cover all major lineages of Hyme-
noptera, they are unequally distributed and there is poor
overlap among taxa. This contradiction between taxo-
nomic breadth and genomic depth in the data of Hyme-
noptera is in accordance with the conclusions of
Sanderson [59] in his evaluation of the phylogenetic signal
in Eukaryota. The large amount of missing data and the
low taxonomic overlap between mitochondrial and
nuclear data in our sets call for a solution. To get more
independent markers and to close the taxonomic gap
between mitochondrial and nuclear data, we suggest EST
studies (nuclear genes) for taxa with completely sequenced
mitochondrial genomes and sequencing of mitochondrial
genomes of those taxa for which we already have a large
number of nuclear sequence data available.

An obvious problem for solving higher-level relation-
ships within Hymenoptera is the underrepresentation of
the small superfamilies Megalyroidea, Trigonaloidea,
Ceraphronoidea and Mymarommatoidea. Another highly
problematic issue is those families of Proctotrupoidea
that we currently cannot map on the phylogenetic tree.
Any additional data regarding these taxa in terms of
species and genes will be of great value.

As extensive EST studies are still expensive, we also
recommend target-specific amplification of nuclear coding
genes. With the prospect of new primer design tools
(J. Borner, C. Pick, T. Burmester, unpublished data),
amplification and sequencing of a data set of, for example,
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22 taxa (all superfamilies) and 50 nuclear coding genes can
be accomplished in a reasonable amount of time and at
reasonable cost. Taxon sampling should again be based on
taxa with completely sequenced mitochondrial genomes.

Conclusions

Exemplarily for Hymenoptera, we have demonstrated
that the tree reconstructed from our pipeline output can
make a substantial contribution to the phylogeny of the
taxon and that comprehensive results can complement
the discrete inferences from the single studies that have
produced the data that were reanalyzed. Inspired by
McMahon and Sanderson [2] and Sanderson et al. [3],
we found an adequate approach to analyze all currently
available molecular data in a single phylogenetic study in
a standardized and efficient way. The impossible child of
the scientific community, a sequence data monster, can
be tamed. Every systematic biologist, even without
advanced programming and bioinformatics skills, is given
the capability to produce a tree of his taxon of interest.
Our approach offers the possibility of relatively simple
and reliable monitoring of new data and tree robustness,
that is, the possibility to keep track of the phylogenetic
signal in a taxonomic group. This also enables research-
ers to monitor how phylogenetic trees change over time
with an increase of data size and density. This might pro-
mote a better understanding of more theoretical issues
related to the analyses of molecular data, such as the
information content of genes or the suitability and selec-
tion of genes to answer phylogenetic questions. Our
approach therefore has great potential to meet the chal-
lenges of the phylogenomic era, to improve our ideas on
phylogenetic affinities and to contribute to a better
understanding of the evolution of organisms.
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Additional file 1: Software tools and manuals. All newly developed
software tools and corresponding manuals.

Additional file 2: gi numbers of sequences from GenBank used in
our pipeline. List of the GenBank gi numbers of all Hymenoptera
sequences that were initially inputted in our pipeline run.

Additional file 3: On maximum cliques. A short introduction to
maximum cliques and how we used them in our analysis.

Additional file 4: Character partitions of subset 1 and 2. The
character partitions of the two subsets that were used in the
phylogenetic analyses (subset 1 and subset 2).

Additional file 5: Tree 1, complete. Phylogenetic tree of Hymenoptera
inferred from GenBank sequences (tree 1). Numbers on branches indicate
bootstrap support values (%). The applied color code corresponds to that
of Figures 2 and 3. Single species whose position in the inferred
phylogenetic tree we consider erroneous are shown in gray.

Additional file 6: Tree 2, complete. Phylogenetic tree of Hymenoptera
inferred from GenBank sequences (tree 2). In this tree, species that were
excluded by our pipeline in the course of generating subset 1 are
reincluded. These taxa are marked with asterisks. The meaning of
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Additional file 7: Species included in subset 1. All species included in
subset 1, sorted by family.

Additional file 8: Groups of orthologs included in subset 1. All
groups of orthologs included in subset 1, plus coverage of each group.

Additional file 9: Species included in subset 2. All species included in
subset 2, sorted by family.
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