Molecular approaches to the study of
ecdysozoan evolution

Omar Rota Stabelli

Research Department of Genetics, Evolution and Environment

UCL

Submitted for the Degree of Doctor of Philosophy

September 2009



This work is dedicated to...

“Hurricane Pete” Pietro who did everything in his power to
prevent me from writing this thesis and Maura who patiently
took care of both.

Max, who gave me the opportunity to study the fabulous world of

arthropods and Davide, who is giving me an other opportunity.

Racco and Marie which are sadly gone.

Declaration

I, Omar Rota Stabelli, confirm that the work presented in this thesis is my own.
Where information has been derived from other sources, this has been indicated in the

thesis. Omar Rota Stabelli



Abstract

The Ecdysozoa is a large clade of animals comprising the vast majority of living species
and some of the most studied invertebrate models, including fruitflies and nematodes.
Some of the relationships between major ecdysozoan groups remain uncertain,
however, undermining comparative studies and impairing our understanding of their
evolution. One hotly debated problem is the position of myriapods which have been
recently grouped according to molecules with chelicerates and not with insects and
crustaceans as predicted by morphological evidence. Other disputed problems are the
position of tardigrades, the position of hexapods within the crustaceans as well as the
mutual affinities of the nematodes and priapulid worms. Molecular systematics of the
ecdysozoans is complicated by rapid divergence of the main lineages (possibly
evidenced in the Cambrian explosion) followed by a subsequent long period of
evolution. This may have resulted in a dilution of the historical phylogenetic signal and
an increased likelihood of encountering systematic errors of tree reconstruction. This
problem is exacerbated by many lineages being poorly represented in current molecular
datasets, as sequencing efforts have been biased toward lab models and economically
relevant species.

In order to overcome problems of systematic error, 1 have assembled various large
mitochondrial and phylogenomic datasets, including new data from undersampled
tardigrades, onychophorans and especially myriapods. | analysed these datasets using
the most recent evolutionary models. | have developed two new models in order to
describe the evolutionary processes of metazoan mitochondrial proteins more
accurately. My analyses of multiple datasets suggest that the grouping of myriapods
plus chelicerates found by previous authors is likely to be the result of systematic errors;
| find support for a closer relationships between myriapods and a group of insects plus
crustaceans (the Mandibulata hypothesis). My analyses also support a paraphyletic
origin of Cycloenuralia (nematodes and priapulids) and a sister group relationships
between tardigrades, onychophorans and euarthropods in accordance with a single
origin of legged ecdysozoans, the Panarthropoda. Finally, results support a
monophyletic group of hemimetabolan insects. The majority of the results reconcile
molecules and morphology, while others shade new light onto arthropod systematics.
The evolutionary implications of these systematic findings as well as methodological

advances are discussed.



Thanks to...

Max Telford for his great supervision, guidance and help. For let me go independently
in my research, although being always there to prevent me from going too far and get
lost in what he once defined a “multidimensional parametric nightmare”.

Andrew Economou, Josh Coulcher and Niko Pripc for morphological and evo-devo
hard-core discussions.

Sarah Bourlat for patiently teaching me some of the mysteries of the wet lab.

Hervé Philippe and Henner Brinkmann (the lords of the LBA) for their experience, their
teaching and especially their being a lifestyle example.

Greg Edgcombe and Alison Daley for trusting a young molecular phylogeneticist and
for their incredible enthusiasm for everything which possess jointed appendages.

Dennis Lavrov and Mark Blaxter for their trust and patience.

David Horner and Peter Foster for their guidance, collaboration and patience when |
was an undergraduate. | hope to pay back some day.

Davide Pisani for hosting me in his lab, for the many ideas and for the “cladistic”
discussion.

Stuart Longhorn for fruitful suggestions over insect systematics and some proof reading
Maura Parazzoli for proof reading.

The ZOONET fellows, Pls and colleagues for the great science and the good time
together

The Marie Curie Action for funding my studies.

Daniel Papillon, for teaching me that there is always an alternative way.

— 188 Mm
245 3

JEBL 1Sk



Table of Contents

ADSEFACT. ..ttt 3
ACKNOWIBAGEMENTS.....uiiiiiiiiiiiiiiiiiiiiice ettt s eeeaaaane 4
Table of CONTENTS...ccvunniiiiii e 5
Chapter 1: INtrodUCTION.......ciuiiii ittt eeeeee e e e e e aene 11
1.1 The Ecdysozoa and the demise of a systematic establishment. ................ 11
1.1.1 The eight ecdysozoan phyla...............ccoooiiiiiiiiiiii i 12
1.1.2 The status quo ante: Coelomata and Articulata.............................. 15
1.1.3 The advent of molecular systematics and the new animal phylogeny...16
1.1.4 Ten years of scientificdebate.............c.ooiiiiiiiiiiiiiiii 19
1.2 Open questions in ecdysozoan systematics.......ccoeeveiieiiniiieiiniinieiennnnn 20
1.2.1 Monophyly of Cycloneuralia? ...............coooiiiiiiiiiiiiiee 21
1.2.2 Tardigrada. ......o.eenieiitie et 21
1.2.3 Basal arthropod relationships: Mandibulata versus Myriochelata.........23
1.2.4 Are Crustacea paraphyletic? ..........ooieiiiiiiiiiiii e, 26
1.2.5 Relationships Within INSECts. ...........ccooiiiiiiiiiiii e 27
1.3 Current molecular phylogenetiCS...ceuieeiieiieeieniiatiereeernersesssnsnesoseones 30
1.3.1 Systematic and stochastic errors in molecular phylogeny.................. 30

1.3.2 Models of amino acid evolution: from homogeneity to heterogeneity of
the replacement ProCeSS. ... ..oueintiieie e 31
1.3.3 Empirical and mechanistic models.................cooiiiiiiiiiiin . 33
1.3.4 Among site heterogeneity of the replacement process...................... 34
1.3.5 Mitogenomics: €ase and CaVeatS..........ooueueiuiiiinniiininiiniieiieeens 36
1.4 Aims and objectives....cccveeieiiiiiiiiiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiecieeneiinees 38

Chapter 2: Improving models of amino acid evolution for animal

MITOGENOMIC STUTIES. cccvvenniiiiiiiiiiiiieieecttie ettt 40
0 T 1 40
2.2 MtZoa: a general metazoan empirical model..........c.ccccoevviieiiiiiininann. 41

2.2.1 The need for taxa specific model. ..............ooooiiiiiiiiiiiii 41
2.2.2 Estimation of MtZ0a ........oouiiiiiiiiii e 43
2.2.3 Compositional and replacemental aspects of MtZoa........................ 43
2.2.4 Test of MtZoa fit to various metazoan datasets....................c.ouunene. 45

2.2.5 Support for Mandibulata using MtZoa..............ccocvviiiiiiiiinen.. 46



6

2.3 MtHydro: a structural based partitioned model. ..........cccceiieiieinrnnnnnnn. 47
2.3.1 The structure of mitochondrial coded proteins. .....................co...e.. 47
2.3.2 Room for improving existing partitioned models. .......................... 48
2.3.3 Pipeline and estimation of the structural model MtHydro. ................ 48
2.3.4 The two sub-matrices of MtHydro.................ocoooiiiiiiiiiii. 49
2.3.5 Test of models fit to various metazoan datasets....................coeeeuenn. 53

2.3.6 MtHydro lessens LBA artefacts: applications to deuterostomes...........54
P/ ©71) 1 1] 1113 1) 1 1 55

Chapter 3: The effect of outgroup choice and the affinity of

10740 21 010 57
S T0 TN 1 X3 5 T 57
3.2 A matter of out@roup position.........ccvvvvieiiniiniiiiiiiiiiiiiiiiiiiiiiiiiiniin. 58
3.3 Compositional aspects of OULZroUPS.....cccvviiiiiiiuiiieiiiiiiiiiniiiiniiiiinnn 59

3.3.1 Different outgroups to the Arthropoda have different compositional

CharaCterS. .. .ttt 59

3.3.2 Strand aSYMMELIY . .....ovuiitt ittt eee e eaeaas 60
3.3.3 The new metric “skew index” and its utility in mitogenomic studies....61
3.3.4 Best putative OULZIOUD ... ...uneientett et e e 62

3.4 The effect of outgroup selection .........cceveviiiiieiieiieiiinnnrentieceecnsnnn 65
3.4.1 Selection of optimal OULZIOUPS. .....vvnviiniiiiiii et 65

3.4.2 Different outgroups promote different tree topologies......................66
3.4.3 The use of optimal outgroups supports Mandibulata....................... 68
3.5 Conclusions: the importance of outgroup selection and some support for
Mandibulata......c.ccoiieiiiiiiiiiiiiiiiiiiiiiiiiiirr e 69
Chapter 4: Exploring subtle signal: a mitogenomic analysis of the

ECAyS0Z0a....uuiiiiiiiiniiiiiiiieiiiiiiisericssssssscccssssssscsssssssscssnnnns 72
L N 1] 0 o T 72
4.2 Mitogenomic characters of the Ecdys0zoa........cccceeveiuiineiniiiernininnees 73
4.2.1 Gene order analyses.......o.ovuiitiiriit it 73
4.2.2 High degree of compositional heterogeneity................c.ccoeeinnne. 75
4.2.3 Strand asymmetrical properties. ...........coouvviiiiiiiiiiiiiiiiiie e, 76
4.3 Phylogenetic analyses.....ccccevieiiiiiniiiiiiiiiiiieiiiiiintiiiensicsinsecsrnasconne 80

4.3.1 An unlikely chelicerate affinity of the tardigrades.......................... 81



4.4

4.3.2 The LBA nature of the tardigrades-chelicerates group and support for

Panarthropoda using the CAT model.............ccoooiiiiiiiiiiiii . 83
4.3.3 More support for Panarthropoda using site stripping....................... 85
4.3.4 An arthropod affinities for the onychophorans............................... 87
4.3.5 Some evidence in support for the Mandibulata.............................. 88
4.3.6 Relationships of other arthropod groups..............ccccoveiiiiiiiiiinnini. 89
@1 1 T3 11T 14 1 e 90

Chapter 5: The longer the dataset, the more consistent the phylogeny:

a need for a phylogenomic approach to study the arthropods.........92

5.1
5.2
5.3
5.4

N 1 1] 1 T 93
Reanalysis of five phylogenetic datasets........cccoeeviiuiiiiiiiiniiiiiiiiniiinnnn 93
Short datasets are inconsistent over parameter variation............ccccc.e.... 94
Conclusions: a need for phylogenomic approach........c.cccoveviiiiiiiiinnnn 96

Chapter 6: A phylogenomic survey into (pan)arthropod

relationships....covveeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiiiiiennricseennnsccnnens 97
TR N 41 3 T e 97
6.2 Support for Mandibulata and some evidence for Panarthropoda............98

6.3

6.4

6.2.1 A phylogenomic dataset of 198 genes and 59 taxa centred on basal

ATENTOPOAS. .. e 98
6.2.2 Support for Mandibulata and Panarthropoda using CAT .................. 99
6.2.3 Controversial signal using homogeneous models: the effect of taxonomic

sampling and LBA. ... 101
6.2.4 Support for Mandibulata from the reanalysis of Dunn dataset.......... 103

6.2.5 Evidence for monophyletic Panarthropoda, paraphyletic Cycloneuralia
and monophyletic Chelicerata...............ooooiiiiiiiiiiiii e, 106

A group of monophyletic hemimetabolan insects and unresolved crustacean

relationShips....cvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiciiiicic e e 107
6.3.1 Two phylogenomic datasets centred respectively on Crustacea and
Hexapoda.......coiiii 108
6.3.2 A monophyletic group of hemimetabolan insects........................... 109
6.3.3 Crustacean affinities are model and outgroup dependent ................. 112

Conclusions: support for Mandibulata, Panarthropoda and a monophyletic

group of hemimetabolans.........cccoivviiiniiiniiiiiiiiiiiiniiiiieiieciieicenees 114



Chapter 7: Materials, methods and pipelines.........c.ccccoeeeveiniennnn. 116
0 T V4 A 1 116
7.1.1 Polymerase chain reaction............c.ovveiiiiiiiiiiiiiiiieaieeieennnns 116

7.1.2 PCR product isolation and purification.................coceoeviiiinnnnnn.. 117

7.1.3 Cloning, colony PCR and Minipreps ..........ccoevuieiniviinenennennnn.. 118

7.1.4 Sequence reaction and precipitation..............c.cooeviiriiiniininnn.n. 120

7.1.5 Centipede and Onychophora cDNA libraries screening. ................. 121

7.2 Estimation of evolutionary models (methods of chapter 2)................... 122
7.2.1 Dataset for the estimation of the models......................coii 122

7.2.2 Bioinformatic analyses to predict protein secondary structure.......... 122

7.2.3 Estimation of empirical models using the GTR assumption and a ML

APPIOACK. Lottt 123
7.2.4 Dataset used to test the fit to the models......................ooint. 124

7.2.5 Methods to compare replacement empirical matrices..................... 125

7.2.6 Testofmodel fit...... ..o 126

7.3 The effect of outgroup choice (methods of chapter 3)..........ccccevuvenennne. 127
7.3.1 Dataset extraction and preparation..............c.ceeueeeeeireeneenneninennn 127

7.3.2 A multi criterion table for the selection of outgroups..................... 128

7.3.3 PhylOgenetiC analyses. .......o.vuieiriniiiiniiieieeie e, 129

7.4 Mitogenomic analysis of the Ecdysozoa (methods of chapter 4)............ 130
7.4.1 Genome sequencing and annotation and tRNAs inferences..............130

7.4.2 Compositional analysSes...........ooevvriiriiiiiiiiiiii i, 130

7.4.3 Averaging characters...........o.ivuiieiiiii i 131

7.4.4 Alignments and dataset preparation..............ocvvieeiininiiniienen... 132

7.4.5 Phylogenetic analyses..........oovvviiiiiiiiiieiii i, 133

7.4.6 Sequential taxa and site removal.................ocoiiiiiiii 135

7.5 Reanalysis of published molecular datasets (methods of chapter 5)........ 136
7.5.1 Nuclear dataset (Regier et al 2005)..........ccccevveveereiieiieeceece e 137

7.5.2 Mitochondrial dataset (Rota Stabelli and Telford 2008).................. 138
7.5.3Ribosomal dataset (Mallat and Giribet 2000). ................cceeeennn.. 138

7.5.4 Combined dataset (Bourlat et al. 2008) ............ccooeviiiiiiiiiinn.n. 139
7.5.5Phylogenomic dataset (Dunn et al. 2008) ............cceevvviiriniinnnnn. 140

7.5.6 Tests of competing hypotheses .............cooviiiiiiiiiiiiiiiii e, 140

7.6 Phylogenomic analyses (methods of chapter 6).........cccevvuiiieiiniineennnns 141

7.6.1 EST Sequencing and Data Assembly. .............ccoooiiiiiiiinn. 141



9

7.6.2 Alignments preparation and Phylogenetic analyses. ..................... 142

7.6.3 Phylogenomic analyses of Tetraconata (methods of chapter 6.2) ...... 144

Chapter 8: Discussion and perspectives.....ccceeeeieeiienneccceennnrcccnes 146
8.1 The actual novelty of my new models of evolution: are they genuine

IMIPIOVEIMENTS?. .ot bbb b bbb 146

8.2 Is mitogenomics dead? Considerations over the utility of mitogenomics in

deep metazoan PhyloZenY....cccuvieiieeiiiiieriiiimnricienereosensscsressessennssons 149
8.3 “Better models...and more genes”: is this enough? ...........cccovviininnenn. 152
8.4 The ancestral ecdyS0ZOAN........ccvvveiiniiiiiieiiniiieiiniinieiesintiioisnssosnnns 156

8.5 Tardigrada: finally Panarthropoda, perhaps Lobopoda? ....................157

8.6 The hexapods and their origin. .......cccccvvviiiiiiiiiiiiiiiiiiieiniiieiernnnes 159
8.7 Affinities of the myriapods: back to Mandibulata? ........................c.cevee 161
8.8 FINAl rEMArKS...coeiuiuiieiuiiiieiniiiieiiiiieiaiiiietniiitesasetsesaseesesasessnness 164
ReferencCes...ccovvieneiiiiiiiiiiiiiiiiiiinnntiieeecissssssnsssassassssscccesssssnns 166
Appendix 1: Anatomical evidences in support of Mandibulata ....... 180

List of figures and tables

Figure 1.1. The eight ecdysozoan phyla...............ooiii 13
Figure 1.2. The old and new metazoan phylogeny.............cooooiiiiiiiiiiiiiininnn.. 18
Figure 1.3 Great uncertainty over affinity of the myriapods.....................ooiiniin. 22
Figure 1.4. Three systematic problems addressed in this thesis............................. 26
Figure 1.5. Tetraconata relationships. .............ooiiiiiiiiiiii e, 29
Figure 2.1. Phylogenetic tree of the 108 metazoan species used to infer MtZoa......... 42
Figure 2.2. MtZoa differs to other models................ooiiiiiiiiiiii 44
Figure 2.3. Crystal structure of the mitochondrial complex IV............................ 47
Figure 2.4. Pipeline for the estimation of the MtHydro empirical model.................. 50
Figure 2.5 The two sub-matrices of MtHydro..............coooiiiiiiiiii, 51
Figure 2.6. Replacemental properties of various matrices.............coevvveeiniennnnnnn.. 52

Figure 3.1. Compositional properties of metazoan species considered in this study.....59

Figure 3.2. Different strand asymmetry in different outgroups...............ccccovvvvnnts 61
Figure 3.3. Utility of Skew index in mitOZENOMICS. .. ...vvueitireiniiniiiiniiieiinienenn, 63
Figure 3.4. Different outgroups give different tree topologies...............ccoevvevininne. 67

Figure 4.1. Gene order in arthopods, tardigrades, onychophorans and priapulids........ 74



Figure 4.2. Compositional properties of ecdysozoan mitochondrial sequences...........75

Figure 4.3. Strand asymmetry in priapulids, tardigrades and onychophorans.............79
Figure 4.4. Bayesian and Maximum likelihood analyses using nucleotides............... 82
Figure 4.5. Unstable position of Tardigrada using the MtZoa model....................... 84
Figure 4.6. Consistent support for Tardigrada plus Onychophora using CAT............... 86
Figure 4.7. Signal decomposition supports Mandibulata and a basal Tardigrade........ 89

Figure 5.1. Instability of phylogenetic signal using short datasets.......................... 94

Figure 6.1. Bayesian analyses using the CAT model....................co. 100
Figure 6.2. Taxon sampling and the effects of LBA..............cooiiiiiiiiiiiiiiiinnn.. 102
Figure 6.3. Bayesian and Maximum likelihood analyses of Dunn dataset............... 104
Figure 6.4. Signal exploration in the dataset of Dunn and mine........................... 105
Figure 6.5. Phylogenomics support a monophyletic group of hemimetabolan...........110
Figure 6.6. Crustacean relationships is model and outgroup dependent.................. 113
Figure 8.1. Major hypothesis presented in this thesis.................coociiiiiiiinin, 165

Table 2.1. Fit of different models to six metazoan mitochondrial datasets................ 46
Table 2.2. Fit of different models to six metazoan datasets..................ceoeeveinn.n. 54
Table 3.1. “Decision maker table” used to select an optimal set of outgroups............ 64
Table 4.1. Compositional statistics of taxa used in this study...................cooeeein. 77

Table 5.1. AU and SH . ....ooooiiii 95




11

Chapter 1

Introduction

1.1 The Ecdysozoa and the demise of a systematic
establishment.

The Ecdysozoa is a widely recognised clade of moulting animals comprising, among
others, insects, crustaceans and the nematode worms (Aguinaldo et al. 1997). Doubtless,
it represents the most diverse and successful group of animals on earth. It has been
estimated that the insects alone, which account for almost 80% of the documented
animal biodiversity, may count as many as 10 million species (Chapman 2005, Novotny
et al 2007). Above and beyond this, the majority of zooplankton species are crustaceans,
making the latter "the most abundant type of multicellular animal on earth™ in terms of
number of individuals (Martin & Davis 2001). This primacy has probably to be shared
with the nematode worms, which parasitize most multicellular creatures as well inhabit
probably every soil and every body of water, to the extent that they account for 90 % of

animal life on the sea-floor (Atkinson 1973).

The Ecdysozoa, and arthropods in particular, successfully adapted to all ecological
niches from ocean trenches to fresh waters, from remote tropical caves to the Polar
regions. Throughout their evolutionary history the Ecdysozoa developed an incredible
variety of body forms and underwent extensive size variation. This is well exemplified
by the crustaceans, which include planktonic forms of less then a millimeter in total
length to the japanese spider crab with its four meter leg span. Some of the most
striking varieties of Ecdysozoa have probably been irremediably lost as a consequence
of extinctions, particularly the soft bodied species, that hardy fossilise. Many
ecdysozoan fossils have, however, been found, such as the giant Arthropleurid, a meters
long myriapod which crawled the carbonifeorous forests, the enigmatic Anomalocaris,
which dominated Cambrian seas and probably preyed on trilobites, Opabinia and
Hallucigenia, some of the most puzzling fossils ever discovered. These and many other

fossils, especially from the Burgess Shale and the Chengjiang lagerstatte, suggest that
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the extant ecdysozoan diversity is just the tip of what has been produced by numerous,

failed adaptive attempts.

1.1.1 The eight ecdysozoan phyla

There are eight extant ecdysozoan phyla: the Arthropoda, Tardigrada, Onychophora,
Nematoda, Nematomorpha, Loricifera, Priapulida and Kinorhyncha. They possess
extremely different body-plans and unique morphological features, but they can be at

first sight divided in two groups on the basis of their bodyplan.

Arthropods, onychophorans and tardigrades (depicted in figure 1.1 A, B and C) possess
a distinctive “arthropod-like” bodyplan to the extent that they have been tentatively
grouped in the Panarthopoda clade (Nielsen 2001). This group is characterised by a
segmented coelomated body bearing paired, ventrolateral walking appendages. The
naturalness of this group is further reinforced by the parasegmental expression of the

segment polarity gene engrailed (Gabriel and Goldestein 2007).

More in details, the arthropods, in some cases named Euarthropoda, are probably the
most diverse animals on earth (Nielsen 2001). They have adapted to almost all niches
on the planet, and invaded the continental landmasses independently at least three times,
with the arachnids, myriapods and insects. Arthropods are characterised by jointed
appendages (hence their name) and a hard exoskeleton. There are four main arthropod
groups: the hexapods (including the insects), the myriapods (e.g. millipedes and
centipedes), crustaceans (e.g. lobsters and woodlice) and chelicerates (e.g. arachnids
and the horseshoe crabs). After many years of debate, a consensus has emerged that
these four sub-phyla (or classes) plus the extinct Trilobita form a monophyletic group
called the Euarthropoda (see Figure 1.2B and section 1.1.3 for details). Each group,
however, possesses a typical body plan with specific tagmosis (compare the copepod
and the centipede in figure 1.1A), suggesting that versatility of modularity was a key
aspect of arthropod evolution and probably a major contributor to their success (Yang
2001).
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Figurel.l. The eight ecdysozoan phyla. In figure A two examples of arthropods, a copepode on the left
and the centipede Strigamia maritima on the right. B: an onychophoran squirting adhesive slime to a
prey. C: false colour electron microscopy of two tardigrades. D: electron microscopy of a soybean
nematode and its egg. E: a nematomorph extruding from a cricket. F: a kinorhynch with the introvert
partially everted. G: detail of the fully everted introvert of a priapulid worm. H: a loriciferans. All images
are from wikicommons except for A which is from www.nathistoc.bio.uci.edu, B from
www.news.bbc.co.uk, C from www.focus.it, F is from the author of this thesis and H is from
www.tiefsee.senckenberg.de.

Onychophorans, literally “claw-bearer”, are fascinating predators of about 10 cm in
length. Their cuticle is covered with tiny scales, giving them a velvety appearance and
their common name, velvet worms. They are limited to humid environments such as
tropical forests (Peripatidae family) and temperate austral regions (Peripatopsidae
family), because their respiratory tracheae do not close and may lead the animal to
desiccation. Onychophorans possess a pair of antennae and typical conical walking
appendages, which are unjointed and bear retractable sclerotised claws. One interesting
characteristic of onychophorans are the oral papillae, two glands that squirt a sticky

slime used to immobilize prey (as depicted in figure 1.1B).
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Tardigrades, also known as water-bears and literally “slow-walker” due to their
reminiscing bear’s gait, are tiny creatures of up to 1 mm. They are ubiquitous animals,
but they need moisture for living. They can, however, survive any environmental
conditions through cryptobiosis, usually by loosing 99% of their water and changing
their body structure. It has been reported that tardigrades can survive exposure to almost
absolute zero (-272 C), pressure of 6 times the deepest sea and lethal radiations in the
outer space (Ingemar-Jonsson 2008). Similarly to onychophorans, tardigrades posses

unjointed clawed appendages (typically 4 pairs).

The second group comprises Nematodes, nematomorphs, and the “gloriously obscure
marine worms” kinorhynchs, priapulids and loriciferans (depicted in figure 1.1D to H)
and is characterised by a “worm-like” bodyplan (Budd 2004). They inhabit aquatic
niches only or depend on moist environments. These animals lack a true coelom, do not
possess walking appendages nor locomotory cilia, posses a frontal mouth and are
usually refered to as Cycloneuralia on the basis of their typical circular brain that forms
a collar around their pharynx (Nielsen 2001). At least some members of all the
Cycloneuralia posses an eversible anterior end (called introvert), which usually bears

spines or teeth and gives the Cycloneuralia their alternative name of Introverta.

Nematodes and nematomorphs share many morphological characters, such as a
collagenous cuticle and lack of circular muscles, and have been grouped in the
Nematoida clade (Schmidt-Rhaesa 1996). Nematodes, or roundworms, are “thread like”
creatures according to the origin of their name. Like the arthropods, they have adapted
to almost all niches in the planet, but retained a similar body plan, to the extent that
their classification is extremely complex. They vary extremely, however, in length
ranging form 1 mm in C. elegans to eight meters in Placentonema gigantissimum, a
nematode which parasites the placenta of whales. While the majority of nematodes are
free living, approximately a quarter of them are parasites of almost all the other living
creatures that are big enough to contain them. Nematomorphs are known as horsehair
worms and their Latin name suggest a close morphological similarity with the
nematodes. They are however obligate parasites: while the adult is free living in fresh
waters, the larva parasites mainly arthropods and uses its introvert to penetrate the host
body. During mating, nematomorphs characteristically aggregate in to a “Gordian knot”

which gives their alternative name of Gordian worms.
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Kinorhynchs, priapulids and loriciferans are linked by the presence of scalids (spiny
appendages) on the introvert which can be everted for locomotion or to gather food
(hence the name Scalidophora, Schmidt-Rhaesa 1998). Kinorhynchs, also called mud
dragons or literally “snout-mover”, are extremely small (< 1 mm) meiobenthic animals
which live in the interstices of costal sands where they prey on small diatoms and
debris. They use their scalids and various spines on the trunk for locomotion: they
withdraw the intorvert and push forward, then evert the introvert, hold with the spines
and draw up the body (Brusca and Brusca 2001). Loriciferans, literally “armor-
bearing”, are the most recently recognised phylum of ecdysozoans (Kristensen 1983).
They are extremely small sediment-dwelling animals as the kinorhynchs, but they
inhabit subtidal marine and freshwater intertidal space. They are characterised by the
“lorica” which is a series of protective cuticular plates and by long, curved scalids on
the introvert (evident in figure 1.1H). Like the kinorhynchs, they possess a conical
mouth surrounded by stylets, suggesting that they may pierce and suck fluids from other
animals. Finally, the priapulids take their name from the fertility divinity Priapus and
are generally known as penis worms. They are carnivorous marine benthic animals and
burrow tunnels using their large introvert. They are much larger than kinorhynchs (up to
10 cm) and, probably for this reason, priapulids have left a variety fossils, in particular
the middle Cambrian Ottoia. The priapulid Priapulus caudatus is rapidly becoming a
model organism as a natural outgroup to the Arthropoda. This is principally because in
comparison to the nematodes, P. caudatus is characterised by slower evolving

molecules and less derived morphology (Webster et al. 2006).

1.1.2 The status quo ante: Coelomata and Articulata

The notion of the Ecdysozoa as a clade is recent: it was formally proposed at the end of
the last century on the basis of ribosomal molecular studies (Aguinaldo et al.1997).
Prior to that time, our understanding of arthropods (and animals) evolution was

extremely different.

Arthropods have been grouped with chordates, echinoderms, annelids and molluscs in
the Coelomata, a clade characterised by a body cavity of mesodermal origin (figure
1.2A, Brusca and Brusca 2001). Coelomates have been generally distinguished from
acoelmates (eg. Platyhelminthes or flat worms) which do not posses the body cavity and

pseudocoelomates (eg. nematodes), which posses a “false” body cavity originated from
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the blastocoel. Intriguingly, the coelomate/acoelomate scenario reflects the gradualistic
idea that animals evolve through a subsequent improvement of their body forms,
moving from “basal” flattened acoelomate state to more complex coelomated one.
However, it is now clear that evolution does not always proceed gradually and that
some lineages may have undergone a drastic simplification of their bodyplan as a result

of a adaptive selection (as in the case of intertidial animals for examples).

Within the Coelomata, the arthopods were long thought to be closely related to annelids
in a clade of segmented invertebrates, the Articulata (Anderson 1973, see figure 1.2A),
implying a common segmented ancestor in the invertebrates. Within the arthropods,
myriapods were thought to be closely related to the hexapods (Atelocerata or Tracheata
hypothesis, Heymons 1901) in some schemes with the addition of Onychophora
(Uniramia, Manton 1977). From a morphological point of view, myriapods and
hexapods share a distinctive head composed of five segments distinguished by their
unique appendages — the antennal, intercalary (appendage-less), mandibular, and
usually two pairs of maxillae (the second being the insect labium). Crustaceans, on the
other hand, differ in having a second antennal rather than an intercalary segment.
Further characteristics of the Atelocerata are tracheal breathing (where crustaceans have
gills) and the possession of malpighian tubules for excretion. The Atelocerata/Uniramia
hypothesis implied a paraphyletic origin of the arthropods and independent evolution of
the “arthropod grade of organisation” in the atelocerates, crustaceans, chelicerates and

extinct trilobites from primitive annelid-like ancestors (Nielsen 2001 and figure 1.2A).

1.1.3 The advent of molecular systematics and the new animal phylogeny.

The Ecdysozoa as a monophyletic group was formally proposed by a phylogenetic
study based on the small nuclear ribosomal subunit (18S or SSU, Aguinaldo et al.
1997). In this study, the authors addressed a classical problem of phylogenetic
reconstruction, Long Branch Attraction (LBA, Felsenstein 1978), which is responsible
for the grouping of unrelated lineages that share either accelerated or reduced
evolutionary rates. The authors showed that the basal position of nematodes within the
Bilateria — as supported by the grouping of fast evolving Caenorhabditis elegans with
distant outgroup sequences and in accordance with the Coelomata - was likely a LBA

effect, as the use of slower evolving nematodes resulted in a group of arthropods,
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priapulids and nematodes. The authors named this group the Ecdysozoa on the basis of
the periodic moulting (ecdysis) of a similar trilayered cuticle, which is influenced by
ecdysteroid hormones. Other synapomorphies uniting the Ecdysozoa have been noted,
such as a terminal mouth (seen in fossil arthropods), a lack of locomotory cilia (widely
present in other protostomes) and the formation of the epicuticle from the tips of
epidermal microvilli (Schmidt-Rhaesa et al. 1998). Earlier evidence in favour of the
Ecdysozoa was, however, proposed in the 1992 by Eernisse and colleagues (Eernisse et
al. 1992) on the basis of a cladistic analyses of morphological characters. Intriguingly,
this contribution has been overlooked by the scientific community, partially because
morphological comparisons are complicated by the extremely derived nature of some of
the ecdysozoans and, most likely, because this work challenged the very well
established Coelomata hypothesis (eg: vertebrates + arthropods, compare trees in figure
1.2).

The Ecdysozoa, which groups among others coelomate arthropods and
pseudocoelomate nematodes, implies either that the nematodes have lost their coelomic
cavity as a consequence of (at least primitive) miniaturisations and parasitic lifestyle, or
that the coelom may have arisen independently in the arthropods and in other coelomate
groups, such as chordates. In any case the scenario is less parsimonious than assuming a

monophyletic origin of the coelomate lineages

The Ecdysozoa also challenges the Articulata, which groups segmented arthropods and
annelids. The new scenario, as suggested by molecules, suggests instead that arthropods
are ecdysozoans and that annelids are lophotrochozoans (Eernisse et al. 1992, Halanych
1995 and see figure 1.2B), implying either that segmentation in invertebrates arose at
least two times independently or that the common ancestor of the protostomes was

segmented and that segmentation has been repeatedly lost.

The advent of molecular systematics also challenged our interpretation of arthropod
relationships. Virtually all molecular (Friedrich and Tautz 1995, Boore et al. 1998,
Dunn et al. 2008 among the others) and some morphological (Kadner et al. 2004)
analyses provided in the last decade convincing evidence that hexapods group with (and
probably within) the crustaceans and not with the myriapods as traditionally believed
(Atelocerata hypothesis, compare top of trees in figure 1.2). This new clade has been

named Pancrustacea or, more correctly, Tetraconata on the basis of their shared
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ommatidial structure (Dohle 1997 and 2001, Firedirch and Tautz 1995, Telford 1995).
The new scenario as suggested by molecules, implies a convergent acquisition of some
characters in the hexapods and the myriapods as a consequence of the adaptation to life
on lands. An impendent origin of arthropodisation as suggested by Manton (1977) has

been disproved by virtually all molecular markers (Telford et al. 2008).

A: prior to molecular studies
B: the new animal phylogeny
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Figure 1.2. The old and new metazoan phylogeny. A: the view of animal relationships prior to
molecular phylogenetics and in accordance with the Coelomata and Articulata hypotheses. Animals
evolved gradually from a non-bilaterian to a coelomated form, through the intermediate acelomated
(eg: Platyhelminthes) and pseudocelomated (eg: Nematoda) state. Arthropods are paraphyletic and
closer related to segmented Annelida. Groups which now form the Ecdysozoa are in green. B: A
consensus tree of metazoan relationships as supported by molecular studies. Nematoda and other
Intorverta phyla are closely related to monophyletic Arthropoda in the Ecdysozoa clade. The Annelida
joins the Mollusca and other phyla in the Lophotrochozoa clade.
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The ecdysozoan hypothesis has always been difficult to accept from a morphological
point of view (but see Eernisse et al. 1992), as its existence implies a complex
evolutionary scenario with either a secondary loss of some characters (coelom,
segmentation) or their independent gain in unrelated lineages. The Ecdysozoa is,
however, of primary importance in biology, because the way the three primary animal
models — vertebrates, nematode worms and fruitflies — are related has serious
implications for genetic, genomic and evolutionary studies. Interpretations of
comparative analyses rely on how the three groups are related. Many contributions have
been published in support or against the Ecdysozoa hypothesis and, as discussed in the

next section, only recently the Ecdysozoa have eventually prevailed.

1.1.4 Ten years of scientific debate

The last decade has been sparkled by a vigorous scientific debate over the existence of
the Ecdysozoa. In the years which followed the seminal study of Aguinaldo and
colleagues, the Ecdysozoa hypothesis has been validated by various molecular studies
based on ribosomal subunits, nuclear genes and antigenic evidences (de Rosa et al.
1999, Haase et al. 2001, Mallat and Winchell 2002, Ruiz-Trillo et al. 2002). While the
first molecular evidence for a clade of Ecdysozoa comprised only arthropods, priapulids
and nematodes (Aguinaldo et al. 1997), following analyses successively added the

remaining phyla (Telford et al. 2008).

Unexpectedly, the advent of phylogenomics — the phylogenetic approach based on
whole genome sequences or large EST assemblies — supported a group of arthropods
plus chordates with the exclusion of nematodes - as predicted by the Coelomata
hypothesis (Blair et al. 2002, Wolf et al. 2004, Philip et al. 2005). It became rapidly
clear, however, that these phylogenomic analyses were dependent on artefacts related to
the LBA, as in the earlier Aguinaldo 1997 study. First, the extremely derived nature of
nematodes had been shown to be responsible for secondary loss of many markers
(protein families) resulting in an unspecific signal uniting nematodes and the distant
outgroups (in which the markers were primarily absent) (Copley et al. 2004). Second,
detailed exploration of signal in large datasets has shown that the grouping of
arthropods and chordates was most likely a consequence of LBA due to suboptimal

taxon sampling (Philippe et al. 2005). Similar explanations also clarified why rare
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amino acid replacements observed along the genomes apparently supported Coelomata

and not Ecdysozoa (Rogozin et al. 2007, Irimia et al. 2007).

Further evidence against Coelomata has recently come from EST based phylogenomic
analyses, which gave clear support in favour of the Ecdysozoa. (Dunn et al. 2008,
Lartillot and Philippe 2008, Marletaz et al. 2008). These studies used a large sample of
nematodes which may have effectively reduced the length of the nematodes stem
branch and lessened the effect of possible LBA artefacts. Furthermore, a large
phylogenomic analysis based on 42 metazoan complete genomes supported Ecdysozoa
(Holton and Pisani, submitted). A final unquestionable proof comes from the
comparative analysis of two adjacent fragments in the mitochondrial coded subunit
Nad5 of the respiratory complex 1 (Papillon et al. 2004, Telford et al. 2008). In Nad5
there is a clear signature involving several amino acids which are mutated (and
conserved) throughout all the protostomes while different mutations characterise the
deuterostome and the non bilaterian outgroup sequences. Clear implications are that (i)
protostomes (including nematodes and arthropods) are monophyletic, (ii) Coelomata is

not a clade and (iii) phylogenomic studies supporting Coelomata are therefore wrong.

The Ecdysozoa/Coelomata dispute is a clear example of problems, such as LBA,
correlated with the molecular inference of phylogeny. Some of these problems and

possible solutions will be addressed in section 1.3 of this chapter.

1.2 Open questions in ecdysozoan systematics

While a monophyletic origin of the ecdysozoans is now widely accepted, relationships
amongst the eight extant ecdysozoan phyla, as well as the affinities of major arthropod

groups are still disputed.
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1.2.1 Monophyly of Cycloneuralia?

There is a high uncertainty over the affinities of the Cycloneuralia, the group
comprising Nematoida (nematodes and nematomorphs) and Scalidophora (priapulids,
loriciferans and kinorhynchs, see figure 1.2B). Many characters unite them, such as the
oral circular brain (hence the name Cycloenuralia), the absence of locomotory cilia and
the presence of the eversible anterior introvert (Introverta). However, neither the
introvert nor the collar-brain seem to be unique synapomorphies of the Cycloneuralia,
reducing the possibility of a single acquisition of the two characters. The
lophotrochozoan Gastrotricha possess an oral-circular brain, to the extent that they have
been grouped with the “ecdysozoan cycloneuralian” (Ruppert, Fox and Barnes 2004,
Nielsen 2001). The tardigrades are also characterised by a group of ganglia which
completely surround the mouth opening, although they also possess typical lateral brain
lobes which resemble the arthropods. Still, the introvert is found only in very few

nematodes, but also in the Sipuncula, which are Lophotrochozoa.

According to molecules, the scenario of monophyletic Cycloneuralia is even more
unclear: combined ribosomal subunits analyses support a basal position of the
Scalidophora (Mallat and Giribet 2006 and figure 1.3 A), while larger phylogenomic
support monophyly of Cycloneuralia (Dunn et al. 2008, figure 1.3 C). As suggested by
Telford and colleagues (2008) determining support either for a paraphyletic or a
monophyletic origin of the Cycloneuralia is extremely important for drawing a picture
of the ancestral ecdysozoan (figure 1.4 A). If Cycloneuralia are paraphyletic then their
common ancestor is also the ecdysozoan ancestor and probably possessed a collar-brain

and an introvert, characters which have been lost in the arthropods.

1.2.2 Tardigrada

Morphology strongly supports a common origin of the three panarthropod phyla —
arthropods, tardigrades and onychophorans, but this has found little molecular support
(Nielsen 2001). An arthropod affinity of the velvet worms (onychophorans) is now
widely accepted (Dunn et al. 2009, Mayer and Withington 2009). The complete
mitochondrial genomes of two onychophorans have been sequenced, but analyses of

these are questionable from a morphological point of view, as they do not support
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Panarthropoda, but place onychophorans sister to a group composed of arthropods plus

Priapulida (Podsiadlowski et al. 2008).
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Figure 1.3 Great uncertainty over affinity of the myriapods. While ribosomal (A, from Mallat and
Giribet 2006) and phylogenomic (C, from Dunn et al. 2008) studies support a clade of myriapods plus
chelicerates (Myriochelata), combined marker analysis (D, from Bourlat et al. 2008) support a group of
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analysis of Regier et al.
Mandibulata.

2005) failed to support either hypotheses or gave modest support for
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On the other hand, the position of tardigrades is equally unclear (figure 1.4 B).
Ribosomal sequences (Mallat and Giribet 2006, figure 1.3 A) support a group of
tardigrades plus onychophorans as sister to the arthropods, while EST data have
challenged the morphological view, linking tardigrades and nematodes (Lartillot and
Philippe 2008). In these analyses, tardigrades and nematodes are characterized by long
branches, suggesting that the tardigrade plus nematode clade could represent a
phylogenetic artifact. This inference is reinforced by the recent phylogenomic analyses
of Dunn and colleagues (2008), which suggested that tardigrade affinity may be model-
dependent: analyses using the WAG matrix (Figure 1.3 C) support a nematode affinity
of the tardigrades, while analyses performed using the CAT model (Lartillot and
Philippe 2004) support tardigrades as basal to a group of onychophorans plus

arthropods.

1.2.3 Basal arthropod relationships: Mandibulata versus Myriochelata.

While monophyly of (Eu)arthropoda is well established, one intriguing aspect currently
under strong debate, and a central theme of this thesis, is the position of the myriapods.

Chelicerates, compared to Tetraconata (hexapods and crustaceans) and myriapods, have
a radically different arrangement of head appendages. They possess chelicerae and
pedipalps in place of first and second antennae and walking legs in place of mandibles,
maxillae/labia. When compared to chelicerates, the detailed similarities of the
arrangement of head segments and associated appendages in Tetraconata and myriapods
strongly supports their sister group relationship in a clade which has been named the
Mandibulata in recognition of the similarity of their biting mouthparts, the mandibles.
(Edgecombe et al. 2003, see figure 1.4 C) In crustaceans, insects and myriapods
mandibles are all located on the first post-tritocerebral segment, and are followed by a
further two pairs of feeding appendages: the maxillae. Expression patterns of the genes
Distal-less and dachshund in mandibles of the three groups have been interpreted as
showing that all three are gnathobasic structures formed from the coxal (proximal) leg
segment and in all three groups the gnathal part of the mandible is subdivided into
strikingly similar parts. Notably, the homologs of the mandibular and maxillary
segments in chelicerates bear walking legs. These appendages represent a primitive
character state rather than a derived one. In addition to the complex similarities of head
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structure, likely synapomorphies of Mandibulata include arrangements of midline
neuropils in the brain, correspondences in cell numbers and specialised cell types in the
ommatidia, similar sternal buds in the stomodeal region, and specific arrangements of

serotonin-reactive neurons in the nerve cord (a detailed list of characters in appendix 1).

Considering the complex shared features of myriapod and tetraconatan head
morphology, it is surprising that the majority of molecular markers do not support the
Mandibulata, instead placing the myriapods as the sister group of the chelicerates in an
assemblage that has been named the Myriochelata or Paradoxopoda (figure 1.4 C).
Support for the Myriochelata clade was first obtained using mitochondrial protein
coding sequences (Hwang et al. 2001, Pisani et al. 2004) and supported by analysis of
small subunit rRNAs (Mallatt et al. 2004), although lessened by updated analyses
(Mallatt and Giribet 2006, figure 1.3A). On the other hand, although this is clearly not
independent of purely morphological analyses, work based on mixed morphological and
molecular character sets (Giribet et al. 2001) supports the Mandibulata concept.
Mandibulata is also supported by a recent analysis of mixed molecular markers (Bourlat
et al. 2008, figure 1.3 D, but see Paps et al. 2009), while analyses of nuclear coding
genes (Regier et al. 2005, figure 1.3 B) support neither hypothesis, but rather link the
chelicerates to Tetraconata. In an effort to minimise stochastic error, the work of Regier
and colleagues (2005) has been recently expanded to a large dataset of 62 gene from 13
species: their results gave some support for Mandibulata, although this is conditioned
by the use of certain analytical conditions (Regier et al. 2008). Finally, the largest scale
study of metazoan relationships (Dunn et al. 2008, figure 1.3 C) involving 21152 amino
acids from 150 genes, supports Myriochelata with greater than 90% bootstrap support,

although the taxonomic sampling included only 11 panarthropods.

Interestingly, internal branches leading either to Myriochelata or Mandibulata are short
in all of the phylogenetic reconstructions mentioned and in some cases are poorly
supported implying a weak phylogenetic signal (see the nodes in figure 1.3). It has also
been shown that support for either of the two hypotheses may depend on the nature of
the outgroup used (Rota-Stabelli and Telford 2008), exclusion of sites (Pisani 2004) or
method of phylogenetic inference (Regier et al. 2008), suggesting that signal at this

node is weak and that phylogenetic conclusions may be prone to systematic errors.
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The only morphological character which has been cited in support of Myriochelata
involves the mechanism by which neurons arise from clusters of cells which migrate
from the neuroectoderm (Stollewerk and Chipman 2006 for a review). This character
has been found in myriapods and chelicerates but not in Tetraconata in which single
cells are segregated from the neuroectoderm. However, the absence of a similar study in
a close outgroup, has always prevented strong conclusions being drawn, as this
character may either be a synapomorphy (uniting myriapods and chelicerates) or a
symplesiomorphy (shared by myriapods, chelicerates and the outgroup, but absent in
the Tetraconata). Recently, Georg Mayer (Mayer and Whitington 2009) has been able to
polarise this character as a true synapomorphy of the Myriochelata; the onychophoran
outgroup possesses a process of neurogenesis more closely resembling that of
Tetraconata than that of the myriapods and the chelicerates. The study of Mayer also
found an additional synapomorphy of the Myriochelata, based on the presence of a
‘cumulus’ of mesenchymal cells which determine the dorsal region in chelicerates and
myriapods. The cumulus is clearly absent in the onychophorans and has been never
observed in Tetraconata. However, the Myriochelata hypothesis either implies that the
many similarities seen between the myriapod and insect/crustacean heads evolved
convergently, or that the head structures in the mandibulate groups are indeed
homologous, and the walking legs seen in homologous segments in chelicerates are a

reversion to the ancestral state.

Monophyly of myriapods and of chelicerates has also been challenged by molecular and
morphological studies, in some cases placing Pycnogonida as basal to all other
arthropods, a clade known as Cormogonida, in some other supporting paraphyletic
chelicerates (Negrisolo et al 2004, Giribet Edcombe and Wheeler 2001; Maxmen et al
2005; Mallat et Giribet 2006). Mitochondrial studies have reported an affinity between
Acaria and Pycnogonida, which is believed to be the effect of a systematic error due to
Pycnogonida being fast evolving (Podsiadlowski and Braband 2006; Park et al 2007).
This finding is reinforced by the recent multi gene analysis of Regier and colleagues

(2008) which show that position of Pycnogonida is parameter dependent.
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Figure 1.4: Three systematic problems addressed in this thesis. (A) Are the
Cycloneuralia a monophyletic group? (B) Are the tardigrades more related to nematodes or
to the arthropods (Panarthropoda)? (C) Are myriapods closer related to chelicerates
(Myriochelata hypothesis) or to hexapods and crustaceans (Mandibulata hypothesis)?

1.2.4 Are Crustacea paraphyletic?

Relationships among the crustacean classes, as well as their monophyly, have also been
questioned. Crustaceans encompass at least six classes: Branchiopoda (brine shrimp,
water flea), Malacostraca (crabs, shrimps), Ostracoda (seed shrimps), Remipedia,
Cephalocarida (horseshoe shrimps) and Maxillopoda (barnacles, copepods). The
Maxillopoda possibly being paraphyletic and implying additional classes: Thecostraca,
Copepoda, Branchiura, Penatastomida, Mystacocarida and Tantulocarida (figure 1.5).
The majority of molecular analyses have suggested a paraphyletic origin of the
crustaceans with the hexapods being in effect a group of terrestrial crustaceans, but
there is little consensus as to how the crustacean classes are related to each other and
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where the hexapods fit into the Tetraconata assemblage (Regier et al 2008, Mallat and
Giribet 2006, Carapelli et al. 2007, Dunn et al. 2008,).

Ribosomal and phylogenomic markers tend to support Branchiopoda as sister to the
hexapods (Mallat and Giribet 2006, Lartillot and Philippe 2007, Dunn et al. 2008,
Roeding et al. 2009), although certain morphological characters group malacostracans
(and remipedes where sampled) with hexapods (Harzsch 2002, Friedirch et al. 2004).
Mitochondrial studies have failed to resolve this problem unambiguously, although
under certain conditions of analysis a group of Malacostraca plus Branchiopoda and
Cephalocarida (Thoracopoda hypothesis) is supported (Carapelli et al 2007). A
reasonable alternative is the Entomostraca hypothesis which groups all crustacean
classes with the exception of the Malacostraca (Hessler 1992), and has found only poor

support from molecules (Giribet et al. 2005).

1.2.5 Relationships within insects.

It has been broadly accepted that insects (Ectognatha), together with collembolans,
diplurans and proturans (the three latter being Enthognatha - with internal mouthparts)
form the Hexapoda, a subphylum characterised by a six-legged bodyplan. Monophyly
of hexapods has, however, been questioned on the basis of mitochondrial studies
(Nardi et al. 2003, Carapelli et al 2007) although the majority of other markers support
a common origin of the hexapods (Regier et al. 09, Dunn et al 2008, Mallat and Giribet

2006). See figure 1.5 for a consensus of current systematics of Tetraconata.

The vast majority of insects are neopterans and can fold their wings over the abdomen,
while palaeopterans (dragonflies, mayflies and extinct Dyctioneuida) are characterised
by unfoldable wings. Among the neopterans, the Holometabola (flies and bees amongst
others) is by far the most successful and radiated group of insects. This is partially
explained by their capability of niche diversification and by their ontogenic strategy
(Hunt et al. 2007, Yang 2001). Holometabolans undergo complete metamorphosis and
develop wings internally during their pupal stage (hence the alternative name of
Endopterygota), while remaining winged insects (informally Hemimetabola) posses an
incomplete metamorphosis which passes through gradual changes and develop wings
externally (hence Exopterygota). The relationships of holometabolan orders are

disputed and some markers even failed to recover their monophyly (Whiting et al 1997,
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Mallat and Giribet 2006, Carapelli et al 2007, Timmermans et al. 2008, Cameron et al.
2004). Traditionally, morphologists have placed the Coleoptera (beetles) at the base of
the Holometabola, with the Hymenoptera (bees, wasps and ants) closer to Diptera (flies)
and Lepidoptera (butterflies and moths) (Kristensen 1981). Recent phylogenies,
however, have suggested that the Hymenoptera may be the basal holometabolan clade,
either as sister to the remaining holometabolans (Savard et al 2007, Wiegmann et
al.2009) or as sister to the Coleoptera (Timmermans et al. 2008).

Developmental strategies of the Hemimetabola vary extensively among different orders
and even within orders, varying from “pseudometaboly”, which is characterised by a
reduced ontogenetic process, to “neometaboly” in some bugs and thrips, which is
characterised by a holometabolan-like development (Heming 2003). The ontogenetic
variety of the hemimetabolans is reflected by an extreme uncertainty over their
phylogenetic affinities. Two assemblages are widely recognised: the Hemipteroidea (or
Paraneoptera), a clade encompassing bugs, booklice, lice and thrips, and the
Orthopteroidea (or Polyneoptera), which groups remaining hemimetabolans, except for
stoneflies (Plecoptera) (Grimaldi and Engel 2005, Brusca and Brusca 2003 amongst
others). Among the orthopteroids, cockroaches, termites and mantids are grouped in the
monophyletic Dictyoptera (Kristensen 1975, Nichols 1989, Ma et al 2009, Cameron et
al. 2006, Lo et al. 2000). It is a common view that the hemipteroids are sister to the
holometabolans in a clade named Eumetabola, (Wheeler et al 2001, Kristensen 1991
and 1995, Grimaldi and Engel 2005, Hamilton 1972, various chapters in Fortey and
Thomas 1998), an hypothesis which found some evidence in the complex hemipteran
and thysanopteran nymphal ontogeny, but poor morphological support. It has been
suggested that hemipteroids and holometabolan larvae lack frontal ocelli (Paulus 1979)
and that the adults share an “R plus M forewing media fusion, the presence of a “jugal

bar”, a “holometabolan” type mesotrochantin and cryptosterny (Wheeler et al. 2001).

Molecular markers are discordant over the hemipteroids position, however, either
supporting Eumetabola (Hovmoller et al 2002, Kjer 2004), paraphyletic Hemimetabola
(Mallat and Giribet 2006, Timmermans et al. 2008, Roeding et al. 2009) or, although
the result is model dependent, a sister relationship between hemipteroids and
orthopteroids (Lartillot and Philippe 2008). Various mitogenomic studies have also
addressed relationships of non holometabolan insects, but have reached ambiguous
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conclusions and have been unable to recover monophyly of some commonly accepted

orders such as the hemipterans (Cameron et al 2005, Hassanin et al. 2005, Carapelli et

al 2007).

HOLOMETABOLA
(ENDOPTERYGOTA)

EUMETABOLA

— DIPTERA (true flies)

MECOPTERA (scorpionflies)
L— SYPHONAPETRA (fleas)
[ RAPHIDOPTERA (snakeflies)

MEGALOPTERA (alderflies, dobsonflies)

NEOPTERA | DICTYO PTERA

— NEUROPTERA (lacewings, mantidflies)

[ MANTODEA (mantis)

LEPIDOPTERA (butterflies, moths)
STREPSIPTERA (twisted-winged endoparaistes)
TRICHOPTERA (caddisflies)
COLEOPTERA (beetles)
HYMENOPTERA (bees, ants, wasps)
PSOCPOTERA (booklice)
PHTHIRAPTERA (lice)
THYSANOPTERA (thrips)
HEMIPETRA (bugs, aphids, cicadas)

ISOPTERA (termites)

BLATTARIA (cockroaches)
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PHASMATODEA (stick insects)
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ORTHOPTERA (grasshoppers, crickets)
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EMBIOPTERA (webspinners)
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Figure 1.5. Tetraconata relationships. The cladogram is a schematic representation of
current knowledge of Tetraconata relationships. In brackets are the English common names
of some representative of the 30 orders of insects and the putative 11 classes of crustaceans.
Major commonly accepted clades are in grey. Lineages sampled in the analysis of chapter 6

are in red.
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1.3 Current molecular phylogenetics

After many years of methodological improvements in the field of molecular
systematics, it is now possible to use sophisticated models of evolution which account
for example for heterogeneity of the substitution process among sites (Lartillot and
Philippe 2004). Methods of phylogenetic inference also significantly improved to the
extent that Bayesian (Huelsenbeck and Ronquist 2001) and fast maximum likelihood
methods (Stamatakis 2006) allow the analysis of large and dense molecular datasets. It
has however became clear that molecular phylogeny may be complicated by
reconstruction artefacts such as Long Branch Attraction (responsible for Coelomata as

discussed in section 1.1.4). Some of these problems will be addressed in this section.

Throughout this thesis I will explore the phylogenetic relationships of the ecdysozoans
using different molecular markers (in particular mitochondrial), various methods of
phylogenetic inference and a variety of models of evolution. Majority of the analyses
will be carried out at the amino acid level for which | have developed new models of
evolution aimed to generate more reliable phylogenies (chapter 2). Accordingly, in this
section | address some up to date problems and methods in phylogenetic reconstruction,
focusing attention on models of amino acid evolution and inference of phylogeny using

mitochondrial sequences.

1.3.1 Systematic and stochastic errors in molecular phylogeny

One of the possible explanations of the great level of uncertainty over ecdysozoan
relationships (see in particular section 1.2.3) is the lack of suitable molecular datasets.
Taxonomically broad datasets, such as the mitogenomic and ribosomal ones, suffer
from being limited in their number of positions, allowing space for possible stochastic
errors due to a lack of enough phylogenetic signal (for example Mallat and Giribet 2006
in figure 1.3A and Regier et al. 2005 in figure 1.3 B). On the other hand, larger datasets
(for example of Regier et al 2008, Lartillot and Philippe 2008, Roeding et al. 2009,
Dunn et al. 2008 in figure 1.3 C) suffer from being poorly taxonomically sampled at

some nodes of interest, a condition which may lead to systematic errors, such as long
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branch attraction (LBA) artefacts (Felsenstein 1978). These problems may be
exacerbated by rapid divergence of the main lineages, followed by subsequent long
period of within lineage changes (autapomorphies), which may have diluted the
historical signal (Whitfield and Kjer 2008, Rokas and Carroll 2006). Some of these
problems can be alleviated by using a large phylogenomic dataset which is able to
provide more phylogenetic signal (due to more genes) and reduce the number of
autapomorphic and/or homoplastic changes observed (due to more taxa and shorter
internal branches, Philippe and Telford 2006).

Probably the most widely recognised systematic error is LBA, which arises from
unequal rates of evolution among lineages. LBA is particularly marked when analysing
lineages which are the result of close speciation events or have differentiated in ancient
times. In both cases a small number of informative substitutions (those that happened
before the split of two lineages) may be diluted by a large number of homoplastic
substitutions (those happened after the split of the two lineages), which can be
responsible for “non-phylogenetic signal” (Baurain, Brinkmann and Philippe 2006).
This seems likely to be the case in the myriapod lineage, as branches describing their
affinity are extremely short in all the molecular phylogenies published so far (figure
1.3), suggesting a lack of informative signal and a likelihood of encountering systematic

and/or stochastic errors.

1.3.2 Models of amino acid evolution: from homogeneity to heterogeneity of the

replacement process.

Systematic errors in phylogeny come from model violation: the model of evolution may
incorrectly interpret the multiple substitutions occurring at a given position. This
problem is exacerbated when different lineages posses unequal rates of evolution (the
LBA artefact) and when the signal is subtle due to fast radiation of lineages, as it may
be the case of myriapods (discussed in 1.2.3). A proven way to overcome the non-
phylogenetic signal is to use better evolutionary models (Whelan, Lio and Goldman
2001; Felsenstein 2004, Philippe et al. 2005).
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The history of models of amino acid evolution is intimately linked with the history of
molecular systematics. The first attempts to obtain phylogenetic information from
molecules were indeed based on amino acid sequences, as they were the only sequences
available in the early sixties, thanks to Edman degradation sequencing, developed a
decade before (Edman 1950). In their seminal work, Dayhoff and Eck (1966) analysed
proteins on the basis of a symmetrical matrix (20 X 20), in which all the possible
replacement between amino acids had the same probability to occur. Their approach
was parsimonious, so that they inferred the tree minimising the number of steps
observed along the tree. The analysis of Dayhoff wasn’t the first computational
approach to systematic studies, but the first to use molecules. In previous years Cavalli-
Sforza and Edwards already analysed gene frequency polymorphisms in human
populations and, incredibly, introduced in a single paper both the parsimony and the
likelihood methods (Edwards and Cavalli-Sforza 1964).

It became rapidly clear, however, that the replacement probability was not the same for
each pair of amino acids and in the following years Dayhoff and Eck (1968) proposed
an empirical model, the PAM (probability of accepted mutation) based on the
parsimonious counts of amino acid changes observed in various sets of related proteins.
In the PAM1 model, each value of the 20 X 20 matrix is the probability of changing
from one amino acid to another when 1% of the amino acids of the alignment are
expected to change. Although the PAM matrix is no longer used in its original version,
it was the first attempt to account for the amino acid heterogeneity of the replacement

process.

In the following years, other replacement matrices have been proposed based on a more
accurate calculation and larger datasets. Jones, Taylor and Thornton (1992) proposed
the JTT matrix, which was based on transmembrane proteins, suggesting that the
secondary structure of proteins plays a significant role in determining amino acid
composition and the replacement probabilities between them. A significant
improvement has been made by ameliorating the way in which the replacement matrices
are calculated. While PAM or JTT have been estimated counting substitutions
according to a parsimony criterion, Adachi and Hasegawa (1996) used a maximum
likelihood approach to estimate MtREV from a mitochondrial protein dataset, as
explained in more detail below. This approach, based on the reversibility of the
evolutionary process, has the advantage of partially accounting for saturation and has
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been applied successfully to large nuclear datasets as in the case of the WAG model
(Whelan and Goldman 2001).

1.3.3 Empirical and mechanistic models

Although nucleotides have been preferred in the last two decades for computational
reasons, the majority of current “deep” phylogenetic analyses are carried out at the
amino acid level (Rota-Stabelli et al 2009). The reason is that nucleotide sequences are
more susceptible to substitutional saturation. Coding sequences can also be analyzed at
the codon level using a variety of mechanistic (Yang and Nielsen, 2008) or, as recently
proposed, empirical models (Kosiol et al., 2007). However these models are still too
computationally demanding for phylogenomic studies and are not indicated for deep
level mitogenomic studies because mtDNA genetic codes vary in different metazoan

lineages.

Mechanistic means that the replacement rates are estimated directly from the dataset
during the tree search (and not taken from a pre-existing empirical matrix, such as
PAM, JTT or WAG) (Lanave et al., 1984; Yang et al., 1998). Although computationally
demanding, amino acid substitutions can also be described by a mechanistic General
Time Reversible model (GTR, next paragraph for more details). The mechanistic
approach, usually simply refered to as GTR, is often applied in nucleotide studies as the
corresponding replacement matrix contains only 8 values (half of a 4 X 4 matrix). When
the mechanistic GTR approach is applied to amino acids, it risks introduction of
stochastic errors in the estimation of replacement rates due to the relatively limited
quantity of information present in most datasets. Reliable estimation of the amino acid
replacement rates needs a significant amount of substitutional information from the
dataset and small datasets typically used in phylogenetic analyses may not contain
sufficient information. Additionally, a clear problem in this procedure is the large size
of the amino acid alphabet, which makes the estimation of all the parameters a
demanding computational task (the matrix in this case is (20 X 20)/2). Consequently,
the majority of available models are empirically derived, such that replacement rates (r)
and amino acid frequencies (r) are stored in matrices that have been pre-estimated from
large, well-curated datasets.

While empirical models of nuclear protein evolution such as the aforementioned JTT
and WAG or the new LG are estimated from taxonomically varied datasets (Jones et al.
1992, Whelan and Goldman, 2001, Le and Gascuel, 2008), models of mitochondrial
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amino acid evolution have been estimated from phylogenetically restricted datasets:
MtREV, Mtmam, MtArt and MtPan, are based on the analysis of only vertebrates,
mammals, arthropods and Tetraconata respectively (Adachi and Hasegawa, 1996, Yang
etal., 1998, Abascal et al., 2007, Carapelli et al., 2007).

Empirical models can be estimated within a maximum likelihood framework, which
calculates the evolutionary replacement matrix and stationary amino acid frequencies
that best explains how the observed data (amino acid sequences) evolved accordingly to
their phylogenetic tree. In the case of proteins, given an amino acid alignment of N
species and the corresponding phylogenetic tree, it is possible to estimate a 20 X 20
amino acid replacement matrix (R) and the frequencies of the 20 amino acid at
stationarity (m;, for any j 20 amino acids) (Adachi and Hasegawa, 1996). The values in
the R matrix are called replacement rates (rjj) and are multiplied by the stationary
frequencies (m;) to obtain the corresponding exchangeability rates g = m; rjj that are the
values of the 20 X 20 exchangeability matrix Q. The total number of free parameters of
such a model are 20 X 19 (replacement rates r;) + 19 (stationary frequencies ;) — 1
(because only relative rates are considered) = 398. Empirical and mechanistic models
are usually based on the assumption that the replacement process is reversible and thus
assume that the substitution probability of one character to another is the same in both
directions (the GTR assumption: m; r;j = m; rji). This obviates the need for a rooted tree in
the estimation of model parameters and makes the replacement matrix symmetrical -

almost halving the number of free parameters in the model.

1.3.4 Among site heterogeneity of the replacement process

A possible problem, which is generally not taken into account in phylogenetic
reconstructions, is the heterogeneity of the replacement process among sites. This
characteristic is intrinsic to the structure of proteins, whose amino acids are
fundamentally heterogeneous, due to the alternation, for example, of buried and
exposed residues which posses different evolutionary dynamics. Rate heterogeneity is
commonly accounted for with a distribution of among sites rate variation, for example
the Gamma distribution of Yang (1996) or its CAT approximation implemented in
RAXML (Stamatakis 2004), which does not have to be confounded with the CAT model
described below. However, most models of protein evolution (JTT, WAG, LG, mtREV)
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assume homogeneity of the replacement process and treat all positions of the alignment
the same (Jones et al. 1992, Whelan and Goldman. 2001, Le and Gascuel 2008). Use of
these homogenous models may promote phylogenetic artefacts due to model violations,
because the models assumes among site homogeneity where none exists. Problems from
heterogeneity of the replacement process are exacerbated by using many unrelated

genes as in the phylogenomic approach.

A significant improvement in accommodating site heterogeneity has been made by a
complex model that assigns sites to 10 different structural classes using Hidden Markov
models (Lio and Goldman 2002). This model, named MT126 and explicitly proposed
for mitochondrial amino acid sequences, has been reported to perform better than
MtREV over a large range of eukaryotes (Metazoa, Fungi and plants), but has been
shown to be comparable to MtREV when analyzing a vertebrate dataset, suggesting that
the great complexity of this model may not be justified by a modest increase in
likelihood. Recently, the CAT model (Lartillot and Philippe 2004) and the empirical
adaptation of it (Le et al. 2008) allowed the relaxation of the assumption of
homogeneity among sites and has been shown to lessen problems of model violation,
retrieving more reliable phylogenies and outperforming homogeneous models (Lartillot
et al. 2007). The CAT model assumes the existence of distinct classes of amino acid
profiles and sorts the sites into different classes on the basis of the equilibrium
frequencies of the 20 amino acids (calculated at each site). More recently, principal
component analysis has been used to define four classes of sites, which can be used in a
class frequency (cF) model (Wang et al. 2008).

A further underestimated problem is the variation of the replacement rate over time, a
characteristic known as heterotachy (Lopezet al. 2002). This problem is intrinsic in the
heterogeneous nature of evolution. Some lineages evolve at a constant rate of evolution
and similarly to their ancestor, a condition which has referred to as the molecular clock.
However, it has become clear that the molecular clock is extremely local within a
phylogenetic tree: some lineages may undergo an acceleration or a reduction of the
replacement rate (or of the fixation rate). It is surprising that the vast majority of
evolutionary models (and the programs in which models are implemented) assume the
stationarity of the replacement rate and expect that all taxa in a dataset evolve clocklike.
The problem with heterotachy is that it is difficult to address computationally to the

extent that the number of free parameters in a phylogenetic reconstruction would



36
become dramatically high. In other words it is impossible to assign a different
replacement rate to each site of all taxa of the alignment. However, the covarion
approach, although it is a simplification of the heterotachy process, has been shown to

be a quick and effective estimator of this problem (Zhou et al. 2007).

A similar problem to heterotachy is the heterogeneity of the stationary frequencies over
time (or among lineages). This problem is intimately correlated with Heterotachy, as in
a GTR framework, the replacement probability g is composed of both replacement
rates rij and stationary frequencies m; or m; (depending on the direction of substitution).
This problem has been particularly studied in mitochondrial sequences (see next section
1.3.4) which are extremely heterogeneous in their stationary frequencies and
heterogeneous models of evolution, such as CAT-BP and the vector model implemented
in P4 have been built (Blanquart and Lartillot 2008, Foster 2004). These models allow
the stationary frequencies to vary in different parts of tree. The advantage of CAT-BP is

that it accounts for both among sites and among lineages compositional heterogeneity.

1.3.5 Mitogenomics: ease and caveats

Despite an ongoing debate concerning their utility in phylogenetics, mitogenomic
studies continue to abound in the scientific literature (Cameron et al. 2004). This can be
explained both by conceptual advantages such as a conserved gene set, the
unambiguous orthology of genes and the presence of rare genetic changes including
gene rearrangements or differences in genetic code. Moreover, there are historical and
methodological reasons that favor mitochondrial DNA such as the availability of
primers for many lineages and the relative ease of generating new data. On the other
hand, mitochondrial sequences are well known to suffer from a variety of problems that
may be responsible for the dilution of the true phylogenetic signal and the generation of

homoplasies.

One of the main problems of mitogenomics is lineage-specific compositional
heterogeneity. This can be so extreme as to influence the amino acid content of the
encoded proteins (Foster, Jermiin and Hickey 1997; Singer and Hickey 2000; Gibson et
al 2005). The main source of compositional heterogeneity in mtDNA is mutational
pressure correlated with a deficiency in the mitochondrial DNA repair system which,
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especially evident in some arthropods, is believed to be inefficient at replacing
erroneous insertions of A nucleotides (and consequently of Ts on the opposite strand,
Reyes et al. 1998). The consequence of this mutational pressure is that susceptible
genomes are impoverished in G and C. Both nucleotide and amino acid based
phylogenies may be misled by directional substitutions (Foster et al. 1999) resulting in
the erroneous grouping of species that share a similar (but convergently evolved)
mutational bias. G+C content varies significantly among different mtDNA metazoan
groups, but is typically low in arthropods. Some Ecdysozoan lineages, such as some
arthropods and the nematodes, are especially enriched in A and T and, in the absence of
strong purifying selection, encoded proteins are enriched in amino acids encoded by
A+T rich codons.

A second type of compositional heterogeneity, typical of mtDNA, is strand asymmetry
correlated with the origin and direction of mtDNA replication. During replication, the
lagging strand remains for a time in an unpaired state and is more susceptible to
deamination (chemical conversion of As to Gs and Cs to Ts) than the leading strand
(Reyes et al. 1998). This leads to the lagging strand being enriched in T and G while the
leading strand is enriched in A and C. Strand bias is generally expressed in terms of GC
and AT skew, expressed as a number between 1 and -1. A GC skew value of 0 indicate
that the two strands have the same proportions of G and C, while a value close to 1
indicates that strand of interest is enriched in G. Variations in GC skew have been
reported in all metazoan mitochondrial genomes (Saccone et al. 1999) and it has been
shown in arthropods to represent a clear source of misleading phylogenetic signal
(Jones et al. 2006, Hassanin et al. 2005). All genes in a mitochondrial genome usually
have a similar G+C content, however, homologous genes from different organisms may
have different GC (and AT) skew depending on the strand on which the gene is located
(which depends on its direction of transcription) and its position relative to the origin of
replication (Lavrov et al. 2000). It has been shown that both sources of compositional
heterogeneity may play a key role in generating artefactual phylogenetic conclusions
from the analyses of mtDNA sequences (Gibson et al 2005, Jones et al 2007, Masta
Longhorne and Boore 2009).

Compositional heterogeneity is only one of the factors responsible for making
mitochondrial-based deep phylogeny problematic: accelerated substitution rates may

also play a role in masking and eroding the phylogenetic signal. These result in
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increased sequence divergence and a higher susceptibility to systematic biases (e.g.
Felsenstein 1978, Brinkmann et al 2006). Mitochondrial genomes are also particularly
prone to outgroup-effects, with different outgroups rooting in different parts of the
ingroup tree  (Cameron et al 2004, Rota Stabelli and Telford 2008). These
characteristics, if shared by phylogenetically unrelated species, may be responsible for
convergent evolution (homoplasy) and promote the dilution of the true phylogenetic
signal. One effective approach to deal with these problems is to improve models of
mitochondrial sequence evolution both at the nucleotide (Hassanin et al. 2005) and
protein level (Abascal et al. 2007, Rota Stabelli, Yang and Telford 2009). More
sophisticated evolutionary models such as the heterogeneous CAT model, which
account for among site heterogeneity (Lartillot and Philippe 2004) and the derived
CAT-BP model, (Blanquart and Lartillot 2008, Foster 2004) can be also useful to lessen
the effects of various mitochondrial compositional biases. Another obvious approach is
to enlarge the taxonomic sample: more taxa, in particular close to weakly supported
nodes, may break problematic long branches and reduce the number of homoplasies
responsible for long branch attraction type artifacts. This is particularly true for the
ecdysozoans, which include some highly derived lineages, parasites for example, whose
particular life style is responsible for bottle-neck events and therefore extreme

acceleration of substituion rates.

1.4 Aims and objectives

Knowledge of ecdysozoan evolution is critical for comparative biological studies as
these animals include the two most important invertebrate animal models (the fruitfly
and the nematode worm) plus some emerging models such as the beetle Tribolium
castaneum, the amphipod Parhyale hawaiensis, and the priapulid Priapulus caudatus.
Furthermore, an international consortium is completing the genome sequence of five
key ecdysozoan species (amphipod, horshoe crab, centipede, tardigrade and priapulid)
and a tenable description of their relationships is fundamental to draw conclusions from

the comparison of their genomes. Knowledge of ecdysozoan evolution also has relevant
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economic implications as they include some of the most important zooplankton (krill,
copepods), parasites (lice, aphids, scales, filariasis), disease vectors (malaria, dengue,
tse-tse), crop pests (weevils, fruitflies, thrips and lepidopterans) and in many cases
consumers or biocontrollers of pests (ladybirds, parasitoid wasps, nematodes). These
animals, in particular the arthopods, have been studied in detail for the last two
centuries - Charles Darwin himself spent a whole decade classifying barnacle
crustaceans - but many aspects of their affinities are still far from being resolved.

This thesis aims to resolve some of the problematic nodes within the ecdysozoans, in
particular those of elusive myriapods (centipedes, millipedes and their kin), mysterious
tardigrades (water bears) and bizarre onychophorans (velvet worms). | will use
molecular approaches to study their relationships in particular the mitochondrial
(chapter 3 and 4) and the EST (chapter 6) markers. 1 will address possible
reconstruction problems such as stochastic and systematic errors - the first due to short
datasets which do not contain enough phylogenetic information and the second
correlated with model violations and consequent artefacts such as Long Branch
Attraction. These problems will be tackled by increasing the taxon sampling at sensitive
nodes and by assembling large datasets in order to reduce both stochastic and
systematic problems (chapter 4 and 6). For the same reason | will employ sophisticated
models of evolution and develop new ones in order to describe the evolutionary

processes more accurately (chapter 2).
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Chapter 2
Improving models of amino acid evolution

for animal mitogenomic studies

2.1 Abstract

Existing empirical models of mitochondrial amino acid evolution have been derived
from the comparison of taxonomically restricted datasets; they cover only two out of 30
metazoan phyla. Additionally, these models do not discriminate between structural or
chemical characteristics such as highly hydrophobic transmembrane alpha-helices and
hydrophilic loop regions. In this chapter | present two new, empirical amino acid
substitution models for mitochondrial proteins based on a taxonomically diverse sample
of metazoans and protein structural information. My aim is to generate models that
better describe the evolutionary history of mitochondrial proteins of metazoans in order
to overcome possible systematic biases and to generate more reliable phylogenies. |
assembled a large alignment of mitochondrial-coded proteins from more than 100
metazoan species and estimated a reversible replacement matrix (MtZoa) using a
Maximum likelihood approach. | also used secondary structure information to partition
the alignment into two subsets, one containing hydrophobic and one hydrophilic sites.
From the two partitions | estimated two corresponding substitution models,
characterized by strikingly different amino acid frequencies and replacement rates and
which are intended to be used simultaneously as a single model (MtHydro) when
modelling correspondingly partitioned datasets. According to test of model fit, and in
the absence of data partitions MtZoa is clearly preferable when diverse metazoan,
lophotrochozoan and deuterostomes species are analyzed. Conversely, MtArt and
MtREV are preferable for ecdysozoan and mammalian datasets respectively, suggesting
that taxonomic representation may play a key role in the selection of the best model.
Models that implement my partition strategy, either as empirical (MtHydro) or
mechanistic (two distinct GTRS) fit all metazoan mitochondrial datasets better than any

existing homogenous (non-partitioned) model, suggesting that my structural partitioning
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strategy is a legitimate improvement. | also show that my models result in more reliable
phylogenies. Finally, I show that when Likelihood scores of different models are
penalized by the degree of parameterization (using BIC), all the datasets are fitted best
by empirical models, suggesting that ultra-parameterization of mechanistic models may

not be entirely justified by the increase in Likelihood.

2.2 MtZoa: a general metazoan empirical model

2.2.1 The need for taxa specific model.

In the past decade, some models of amino acid evolution have been explicitly designed
for mitochondrial studies. A current problem with these models is that they are based on
the comparison of restricted datasets, covering 2 of approximately 30 metazoan phyla:
MtREV (Adachi and Hasegawa 1996) or MtMamm (Yang et al. 1998) are dominated by
mammalian sequences and the recently released MtArt (Abascal et al. 2007) and MtPan
(Carapelli et al. 2007) are both based on the analysis of arthropod-only datasets (Figure
2.1). These matrices reflect the substitution processes of either mammals or arthropods
only and may be not appropriate for the analysis of other metazoan lineages, in
particular lophotrochozoans and non-mammalian deuterostomes, for which many
mitogenomic datasets are available, but few analyses have been conducted
(Waeschenbach et al. 2006). Furthermore, the mtDNA genetic code varies to different
degrees between different metazoan lineages. In the light of this, mitogenomic studies
are in need of realistic models of evolution that best represent the evolutionary process
and reduce systematic bias. In order to overcome systematic biases from restricted
dataset sampling and to promote reliable metazoan phylogenies, | estimated MtZoa
(figure 2.2), an empirical transition probability matrix based on the general reversible
model (GTR, described in the chapter 1.3).
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Figure 2.1. Phylogenetic tree of the 108 metazoan species used to infer the MtZoa model. Commonly
used empirical models such as MtREV or Mtmamm (which are derived from vertebrates, in blue) and
MtArt or MtPan (derived from arthropods in red/orange) are based on the comparison of restricted
datasets. MtZoa is based on a larger and wider dataset, including lophotrochozoans, non-vertebrate
deuterostomes and diploblastic metazoans. The topology was inferred using MrBayes under the MtREV
model and some nodes have been constrained to reflect current knowledge of metazoan relationships;

branch length was estimated using PAML (Yang 2004), during the inference of the model. Only the
genus name is given.



43

2.2.2 Estimation of MtZoa

The accuracy of an empirically inferred replacement matrix depends on the accuracy of
the tree topology and on the taxonomic sampling. The alignment should contain a
phylogentically balanced sample of taxa avoiding overrepresentation of some of the
metazoan phyla, which may result in the estimation of a biased replacement matrix.
Bearing this in mind, | assembled a large 108 metazoan protein dataset from 13 phyla
and the corresponding tree (figure 2.1) has been built in order to reflect current
knowledge of metazoan relationships (Dunn et al. 2008 among others). In order to
prevent the inference of a saturated replacement matrix, | excluded lineages
characterized by accelerated substitution rate. | used the maximum likelihood approach
implemented in PAML (YYang 2007) to estimate an empirical amino acid replacement
model. The model assumes reversibility of the replacement process (GTR assumptions),
so that the rate matrix Q={q;;} satisfies the condition =; rij = m; r; for all the amino acid
pairs, where m; is the stationary frequency of amino acid j and rj is the replacement rate
between amino acids i and j. More details on the inference of MtZoa are in chapter 7.2
Material and Methods.

2.2.3 Compositional and replacemental aspects of MtZoa.

The MtZoa model is characterized by replacement rates that differ considerably from
those of MtREV (Fig. 2.2A) and of MtArt (Fig. 2.2B). Replacements involving
cysteine, valine and serine are more common in MtZoa than in MtREV (white bars in
Fig. 2.2A), while those involving histidine, asparagine and tyrosine are less frequent
(grey bubbles). Stationary frequencies also differ: phenylalanine and valine are more
frequent in MtZoa (white bars in Fig. 2.2A), while threonine is distinctly less frequent
than in MtREV (grey bars). The diversity of the replacement information in mtREV
and MtZoa can be explored in the figure 2.6 of page 52.

Compared to MtArt, MtZoa is impoverished in serine (grey bar in Fig. 2.2B), reflecting
the differences between the invertebrate and the vertebrate mitochondrial genetic code
(MtArt is based only on species with an invertebrate genetic code). Compared to MtArt,
MtZoa is also enriched in alanine (whose corresponding codon GCN is GC rich) and

impoverished in methionine and asparagine (corresponding codons, ATR and AAY are
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AT rich; bars in Fig. 2.2B). Additionally, glycine, proline and arginine, whose codons
are all enriched in G and C nucleotides, are slightly more frequent in MtZoa, while
glutamate, isoleucine, tyrosine and phenylalanine (AT rich) are less frequent. Similarly
and more importantly, most of the replacements involving AT rich amino acids
(NKMIYF) are favoured in MtArt, while those involving GC rich amino acids (GARP)
are favoured in MtZoa. This is a key difference, which seems to reflect the
compositional properties of the arthropod mtDNA that is typically biased toward a high
content of A and T nucleotides and suggest that MtZoa may be a more appropriate
estimator than MtArt for the study of differently biased datasets such as
lophotrochozoans and deuterostomes, which are less AT rich (Rota-Stabelli and
Telford, 2008).
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Figure 2.2. MtZoa differs to other models. Differences in replacement rates (bubbles in matrices) and
stationary frequencies (bars) between (A) MtZoa and MtREV and (B) MtZoa and MtArt. Areas of
bubbles are proportional to the absolute differences between replacement rates. The size of the bubbles in
the legend correspond to a difference of 50. Length of bars corresponds to the absolute difference
between stationary frequencies expressed as a percentage. White indicates a higher replacement rate or
higher amino acid frequency in MtZoa and grey shows the reverse. Note that in B, amino acids whose
codons are rich in A and T (NIKMFY) are enriched and more replaceable in MtArt than in MtZoa.
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2.2.4 Test of MtZoa fit to various metazoan datasets

| used the Akaike Information Criterion (AIC) and Bayesian Information Criterion
(BIC) methods to assess how MtZoa and other models fit diverse metazoan
mitochondrial datasets. Both criteria penalize the model in a way that is proportional to
the number of parameters and have been proved to be an appropriate tool for non-nested
model selection (Posada and Buckley 2004). For the calculation of AIC and BIC, | used
the harmonic mean of the log-likelihood of the trees sampled from the Bayesian
analyses of 6 different mitochondrial dataset using MtREV, MtArt, MtZoa and the GTR
model. Results are summarized in Table 2.1, which show for each dataset and model the
mean log-likelihood, the AIC and the BIC values. According to this table, MtZoa is the
preferred empirical model when diverse metazoan, lophotrochozoan and deuterostome
species are analyzed. For these datasets, the differences in AIC or BIC values between
MtZoa and MtArt or MtREV are high, in the range of, respectively hundreds and
thousands. Conversely, MtArt and MtREV clearly better fit the ecdysozoan and the
mammalian datasets respectively, reinforcing the view that the taxonomic level from
which the matrices are estimated and different genetic codes (Abascal et al. 2006) may

play a decisive role in the assessment of the model that best fit a certain dataset.

The log-likelihoods associated with the mechanistic GTR model (whose parameters
have been deduced directly from the datasets) are clearly the highest for all the datasets.
This is easily explained by the 208 free parameters of the GTR model (empirical models
have none, because they are all pre-estimated), which are responsible for an inevitable
increase in the log-Likelihood. Interestingly, at least one of the empirical models
(MtZoa, MtArt or MtREV) shows a significantly better fit to the data for some
(according to AIC) or all datasets (according to BIC). This can be explained by the
reduced size of the alignments, whose amount of substitutional information is not
enough to satisfactorily estimate a GTR replacement matrix. This result suggests that,
in the cases of small datasets, the considerable computational time required for the
estimation of all the parameters of a mechanistic GTR model is unlikely to be justified
by a relatively moderate increase in the corresponding log-likelihood. It is remarkable
that in some cases GTR required more than 100 times the computational time required

by any of the empirical models, for the log-likelihoods of the sample tree to plateau.
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Dataset
Model  Statistic
Metazoa Lophotro Ecdysozoa Deute_ro Arthro Mammalia
chozoa stomia poda
A Inl -658 -293 -641 -62 =277 -2364
MtZoa AIC 900 170 866 BEST 462 4312
BIC BEST BEST 751 BEST 463 3473
Alnl -1217 -706 - 266 -542 -46 -3094
MtArt AlC 2018 996 116 960 BEST 5572
BIC 1118 827 BEST 961 BEST 4933
A Inl -5607 -3072 -3571 -1294 -2055 -628
MtREV AlC 10798 5728 6618 2464 4018 840
BIC 9898 5559 6503 2465 4019 BEST
A Inl  HIGHEST HIGHEST HIGHEST HIGHEST HIGHEST HIGHEST
GTR AlC BEST BEST BEST 292 324 BEST
BIC 1977 2707 2761 3165 3208 2142

Table 2.1. Fit of different models to six metazoan mitochondrial datasets. For each of the datasets
and models | show 3 statistics: the differences in log-likelihoods (A Inl), the AIC and the BIC (from top
to bottom). The highest value of the log-likelihood is shown as HIGHEST and the highest value of AIC

and BIC is shown as BEST. Other values are reported as the difference compared to these values.

2.2.5 Support for Mandibulata using MtZoa

| determined the consensus trees of the Bayesian analyses performed for the calculation

of the harmonic mean for the AIC. For most of the datasets the tree topology using

different models did not vary or only varied slightly. However, in the case of the

Ecdysozoa dataset, different models support different topologies: while use of MtREV

supports a group of paraphyletic Myriochelata (myriapods plus chelicerates, pp 1.00),

and MtART does not resolve myriapod affinity, use of MtZoa or of GTR support a

group of myriapods plus crustaceans/hexapods (Mandibulata hypothesis pp 0.90), in

accordance with the morphological point of view (Telford et al. 2008). However, all

models recover a group of unrelated long branched species (ticks, nematodes and

tardigrades), suggesting that some aspects of the tree are subject to systematic errors.
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2.3 MtHydro: a structural based partitioned model.

2.3.1 The structure of mitochondrial coded proteins.

The 13 mitochondrial genome encoded proteins are all subunits of four large trans-
membrane protein complexes that lie in the inner membrane and participate in oxidative
phosphorylation. The structure of these subunits consists of highly hydrophobic regions
(mainly transmembrane alpha helices, as in the crystallographic structure of Complex
IV shown in figure 2.3) alternating with hydrophilic regions (predominantly loops that
lie in the mitochondrial matrix or in the inner membrane space). Transmembrane
helices are characterized by a greater number of hydrophobic residues, while exposed
loops show a higher frequency of hydrophilic residues (Goldman et al. 1996) leading
transmembrane helices to be characterised by different amino acid frequencies and

replacement patterns when compared to hydrophilic regions.

Fig 2.3. Crystal structure of the mitochondrial complex IV. (A) The complete complex, which is
composed of two identical dimers; subunits coded by the mtDNA are in black and those coded by the
nuclear DNA are in white. Note that the mitochondrial subunits reside in the internal part of the complex
and therefore are expected to be highly hydrophobic. (B) A zoom on the three subunits coded by the
mtDNA (Cox1, Cox2 and Cox3): my in-silico predictions of transmembrane residues are shown in black
and clearly match the transmembrane helices. Structures have been drawn with PyMOLWin, using the
secondary structures in databases (see chapter 7 for more details).
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2.3.2 Room for improving existing partitioned models.

Neither empirical (MtREV, MtArt and the above described MtZoa) nor mechanistic
(GTR) models account for likely heterogeneity of the substitution patterns among sites
but rather make the assumption that all sites evolve under the same evolutionary
process. However, two models of evolution described in the introduction, MT126 and
CAT are clear improvements on conventional models as different parts of proteins are
respectively described by different replacement rates (MT126) and different stationary
frequencies (CAT models). MT126, however, has the disadvantage of being
implemented in a likelihood framework, rather than a Bayesian one, and is not
accessible to the popular Bayesian inference software MrBayes (Huelsenbeck and
Ronquist, 2001). Furthermore, only the replacement matrix for the transmembrane class
of MT126 has been generated from mitochondrial data, while other classes were from
nuclear coded proteins, leaving space for the development of models more appropriate
to the analyses of mitochondrial data. CAT models, which do not need a pre-
specification of the distinct classes of sites, are useful when no structural information is
available. However, this is not the case for mitochondrial proteins for which reliable
transmembrane information can be obtained: four of the longest of 13 subunits (COX1,
COX2, COX3 and CYTB) have been characterized with crystallographic studies
(Tsukihara et al. 1996) and the combined use of different bioinformatic methods allows

the confident deduction of secondary structure information (Lio 2005).

2.3.3 Pipeline and estimation of the structural model MtHydro.

In order to generate an empirical model that takes structural properties into account
while being based on a large taxonomic sample, | assembled a large alignment of the
whole mt-proteome from 100 diverse metazoan species and used structural information
to partition the alignment into hydrophobic and hydrophilic subsets. | used information
from crystallographic structures, where available, and in-silico predictions using three
different methods, to split a metazoan alignment into hydrophobic (Figure 2.4D) and
hydrophilic (2.4E) partitions. Interestingly, independent predictions carried out on the
two distant metazoan species (the cow Bos taurus and the horshoe crab Limulus
Polyphemus) overlapped for the majority of the sequences, suggesting a high degree of

structural conservation within the metazoan mt-proteome (last rows of alignment in
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figure 2.4C). | also noticed that bioinformatic predictions were substantially similar to
information from crystallographic structures: in figure 2.3B, | have highlighted in black
the transmembrane helices predicted with bioinformatic methods on the
crystallographic tertiary structure: predictions correspond in all cases with the
transmembrane alpha-helices. This reassured me of the accuracy of the bioinformatic
predictions that were the only available method for the analyses of 9 out of 13 proteins.
According to in-silico predictions and 3D structure (and following personal
communication with crystallographers form Birkbeck college), the central part of
transmembrane helices lies in the membrane, while the tips of the helices may lie on the
surface of each subunit where accessibility to the solvent or other proteins is higher.
Consequently, helix tips are characterised by a higher frequency of hydrophilic residues
(see first seven alignment positions of figure 2.4C). Corresponding sites were therefore
considered part of the hydrophilic partition. For each of the two partitioned datasets, |
estimated a distinct replacement model named MtPhobic (figure 2.4 F) and MtPhilic,
(figure 2.4 G), using, as in the case of MtZoa, the maximum likelihood approach
implemented in PAML (Yang 2007) and the GTR assumptions (m; rij = m; fji).

The two distinct matrices are intended to be used simultaneously in phylogenetic studies
with a related hydrophobic/hydrophilic partition as a dual model named MtHydro.
Notably, the partitions can be modelled by two distinct mechanistic GTR models,
emancipating the MtHydro models from the (relatively) limited taxonomic range they
have been estimated from. More details of secondary structure prediction and model

inference can be found in chapter 7 materials and methods.

2.3.4 The two sub-matrices of MtHydro

The two sub-matrices of MtHydro show extremely different amino acid replacement
rates and are characterized by striking differences in amino acid frequencies. According
to values of & in figure 2.4 F and 2.4 G, MtPhobic is rich in hydrophobic amino acids
(I, L, M, F, V), while MtPhilic composition is more widely distributed and relatively
enriched in charged hydrophilic amino acids (R, N, D, E). This is in accordance with
the structural characteristics of the regions from which the two matrices have been

estimated.
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Figure 2.4. Pipeline for the estimation of the MtHydro empirical model. An alignment of concatenated
mitochondrial coded proteins from 100 metazoans species (C) has been partitioned into a hydrophobic (D) and
hydrophilic (E) sub-alignment, on the basis of crystallographic 3D structure (A) and bioinformatic predictions
(B). Amino acids in the alignments have been coloured accordingly to their hydrophobicity, with hydrophobic
residues in blue, hydrophilic in light grey and intermediate amino acid in dark grey. Note that the hydrophobic
partition contains mostly hydrophobic blue residues. The two partitions have been used to estimate distinct
empirical sub-models called MtPhobic and MtPhilic (respectively F and G), composed of a replacement matrix
R and the stationary frequencies n. Areas of bubbles in matrices R are proportional to substitution rates. The two
sub-models are intended to be use simultaneously on a pre partitioned dataset as a dual model called MtHydro.
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The pattern of replacement rates is also very different: for example substitutions
between hydrophilic amino acids are favored in MtPhobic (grey bubbles in figure 2.5),
while substitutions involving C, S, H and the hydrophobic amino acids are favored in
MtPhilic (white bubbles in figure 2.5). These differences are confirmed by comparing
amino acid replacement groups (figure 2.6) using the AIS method (Kosiol et al. 2004):
C and H, but also hydrophilic N and D show a different replacement behavior in
MtPhilic than in MtPhobic.
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Figure 2.5. The two sub-matrices of MtHydro. Relative normalized
differences between the replacement rates of the two MtHydro sub-matrices
(R) and differences in their stationary frequencies (x). Grey indicates that a
replacement is favoured in the hydrophobic sub-matrix MtPhobic and white
the reverse.

Some of the differences in the replacement rates are not intuitively explainable: for
example hydrophilic residues (the most polar amino acids: R, N, D, E, Q, K) might be
expected both to occur more often and to replace one another more often in a
hydrophilic context (the MtPhilic model) than in a hydrophobic one. However, while
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more frequent in the hydrophillic domains, these amino acids are more exchangeable in
the MtPhobic matrix, which is derived from hydrophobic regions. A possible
explanation comes from considerations of a structural nature: hydrophilic charged
residues are scarce in hydrophobic alpha-helices, but they form stable polar bonds and
are essential for helix-helix interactions and tertiary structure stabilization; consequently
they should be uniquely replaced by other hydrophilic residues to preserve inter/intra-

helices bonds and correct protein folding.
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Figure 2.6. Replacemental properties of various matrices. Amino acids have been grouped in
eight classes according to their probability of change among those of the same group, using the
program AIS (Kosiol et al. 2004). Squares indicate groups of mostly hydrophilic amino acids,
circles indicate groups containing only or prevalently hydrophobic amino acids and hexagons
indicate moderately hydrophilic or a mixed state of amino acids. Note that MtREV is very
different from MtZoa or MtArt and that the two sub-models of MtHydro are also different, with
MtPhobic sharing more similarities with MtREV.

As mentioned, | used the AIS method (Kosiol et al. 2004), which identifies groups of
amino acids with a high interchange probability, to compare the two MtHydro sub-
matrices with other empirical models commonly used in phylogenetic analyses,
including MtZoa. All the models share a similar exchangeability behavior with respect
to hydrophobic residues (right part of figure 2.6), while other residues are differently
grouped in different models. MtZoa, the model described in the first section of this
chapter, and MtArt are quite similar, but both dissimilar to MtREV. Interestingly,
MtPhobic shares more similarities with MtREV, while MtPhilic with MtZoa or MtArt.
This may be partially explained, by the fact that MtREV is estimated from a vertebrate
dataset, whose mitoproteome is overall more hydrophobic than these of protostomes,
and in particular for the ND5 subunit (Lid 2005); consequently MtREV should be
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considered more “hydrophobic” than more general models such as MtZoa, which are

estimated from a wider metazoan sample.

2.3.5 Test of models fit to various metazoan datasets

I compared MtHydro and other evolutionary models using the AIC method, which
penalizes the log-likelihood (Inl) values proportionally to the number of parameters in
the model (table 2.2). In table 2.1, | compared the fit of MtZoa and other homogenous
models using BIC and the difference in LnL; the two latter values only confirmed
results of the AIC for MtHydro comparisons and have been removed for sake of clarity
form table 2.2. Similarly to table 1, AIC has been estimated using the harmonic mean of
the LnLs of trees sampled during the Bayesian analyses of six metazoan mitochondrial
protein datasets. In addition to table 2.1, | have analysed the datasets both as un-

partitioned and as hydrophobic/hydrophilic partitioned and used seven different models.

In all cases, models which implement my hydrophobic/hydrophilic partition strategy
(empirically using MtHydro or mechanistically using two distinct GTRs) fit all datasets
better than the existing MtREV, MtArt, MtZoa and the unpartitioned GTR models. |
also modelled the hydrophobic/hydrophilic partitioned datasets with “nuclear” empirical
matrices: | assigned the hydrophobic partition to the JTT “transmembrane” matrix and
the hydrophilic partition to the WAG “globular” matrix (Jones et al. 1992, Whelan and
Goldman 2001). Interestingly the corresponding AIC values are the highest (lowest fit)
among the models tested, suggesting that mitochondrial amino-acid substitution
dynamics are highly specific. Unfortunately, it was impossible to test my model against
mixture models such as CAT or against MT126, because of the nature of their
implementations and the differences in how the likelihood is calculated in different

programs.

As previously observed in table 2.1 (comparison of homogenous models only) in some
cases empirical models fit datasets better than mechanistic GTR models (table 2.2): the
partitioned MtHydro model fits the deuterostome and arthropod datasets better than two
GTRs and the lophotrochozoan dataset better than a single GTR model. As also
previously shown, MtArt and MtZoa fit the ecdysozoan and the deuterostome dataset
respectively better than does the single GTR (previous section and Rota Stabelli et al.

2009). This suggests that in some cases the ultra-parameterization of mechanistic
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models is not justified by a relatively modest increase in LnL. Moreover, the LnL of
trees sampled during Bayesian analyses using GTR models, took up to 2 million
generations to plateau, while empirical models reached a plateau in a few thousand
generations. This is easily explained by the high number of parameters of the
replacement matrix that the GTR models have to estimate. For the same reasons GTR
analyses are much slower per generation than those using empirical models. These
considerations make the GTR analyses of short mitochondrial datasets extremely time
consuming and in some cases of little value if, as according to AIC, they are in some

cases comparable with empirical models in their fit to the data.

DATASET
Model Pgrtlo Meta Lopho  Ecdyso Deutero Arthro Mamma Param
ed . . eters
Zoa  trocozoa zoa stomia poda lia
(N=44) (N=24) (N=30) (N=30) (N=23) (N=41)
Empirical MtHydro YES 1102 60 790 BEST BEST 3568 4

JTT/IWAG YES 15912 8122 12712 7698 8708 8830 4
MtArt NO 3018 1548 710 1946 154 6112 2
MtZoa NO 1900 722 1460 986 616 4652 2
MtREV NO 11798 6280 7212 3450 4172 1180 2
Mechanistic GTR/GTR YES BEST BEST BEST 852 268 BEST 416

GTR NO 1000 552 594 1278 478 340 208

Table 2.2. Fit of different models (AIC values) to six metazoan datasets. Models which implement
the hydrophobic/hydrophilic partition (either empirical MtHydro or two mechanistic GTRs) fit different
mitochondrial datasets better than non partitioned dataset. The lowest value of AIC is set as the BEST
and corresponds to the model which best fits the corresponding dataset; other values are set as the
difference from the lowest AIC.

2.3.6 MtHydro lessens LBA artefacts: applications to deuterostomes

In some of the tree searches, models implementing the hydrophobic/hydrophilic
partition support different tree topologies than other models, in particular MtREV,

which has been the model of choice for mitogenomic studies.
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The most clear example is from the mammalian dataset: non partitioned models MtREV
and mechanistic GTR support a sister relationship between the enigmatic scaly-tailed
flying squirrel Anomalurus sp. and the Hystricognathi (the infraorder including the
guinea pig), in accordance with the source from which the dataset has been taken
(Horner et al. 2007). Conversely, MtHydro (and the corresponding two mechanistic
GTRs model) support an alternative position of Anomalurus, as sister to a group
composed of Jaculus jaculus and the Muroidea (mice and rats) a position consistent
with analyses of nuclear encoded genes and concatenated nuclear/mitochondrial genes
(Adkins et al. 2003, Douzery et al. 2003, Montelard et al. 2008) and one favoured when
the fastest evolving amino acid sites were removed from the dataset in the original
publication (Horner et al. 2007). While encouraging, it is somewhat questionable to
assess which model has more credibility: accordingly to table 2.2, MtREV supports the
dataset better than MtHydro, but the partitioned GTR model outperforms all other
models. In any case, this is a clear example of how our simple partitioning strategy
results in a different and probably more accurate tree topology. Another example comes
from the deuterostome dataset: MtREV supports a sister relationship between the sea
urchin and the holothurians, while MtHydro (and all the other models which fit the
dataset better than MtREV) support a sister relationship between the sea urchin and the

sea stars, with the holothurians as sister to this group (trees not shown).

Furthermore, an analysls of a deuterostome mitochondrial dataset (Bourlat et al. 2009)
suggests that use of MtHydro slightly weakens the long branch attraction (LBA)
between urochordates and basal non bilateral metazoans, which is strongly supported by
MtREV. However, use of the CAT heterogeneous model and in particular of the related
CAT-BP model overcomes the LBA, suggesting the superiority of CAT over MtHydro

in this case (see discussion, chapter 8.1 for more details).

2.4 Conclusions

In order to better describe the evolutionary history of mitochondrial proteins and to
promote more reliable metazoan phylogeny estimation, | have estimated MtZoa, which
is a general transition probability matrix. Tests of model fit suggest that MtZoa should

be used for datasets containing diverse or basal metazoan groups and for the analysis of
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deuterostome and lophotrochozoan datasets . Conversely, MtArt and MtREV should be
used respectively for ecdysozoan and mammalian datasets. As a general rule, my results
advocate that the taxonomic set from which models are estimated plays a decisive role
in the assessment of the best fit to datasets and that, in the case of poor phylogenetic
signal or problematic nodes, the use of a more appropriate model which reflects the
evolutionary pattern of the given taxonomic sample, results in a much higher likelihood,
a better fit to the dataset and may consequently help lessen possible systematic errors.

As mitochondrial coded proteins are characterized by a clear alternation of
transmembrane helices and hydrophilic regions, | used this information to estimate two
additional replacement matrices which are intended to be used simultaneously as a
single model called MtHydro in a pre-partitioned dataset. An interesting point of my
partitions is that the two sub-alignments can also be modelled by two distinct
mechanistic GTR models, emancipating the MtHydro model from the taxonomic range
it has been estimated from. | have used the AIC approach to compare the fit of MtHydro
and other models to different metazoan mitochondrial protein datasets and found that
models which implement my partitions, either as empirical (MtHydro) or mechanistic
(two distinct GTRs) fit all metazoan mitochondrial datasets better than existing
mitochondrial models. 1 also show that the use of my partitioned models, in contrast
with non-partitioned ones, recovers topologies which are more in accordance with
nuclear encoded genes. Results suggest that my structural partition is a simple and
legitimate improvement that may help in reducing possible systematic biases in

mitogenomics and promote the generation of a more reliable phylogeny of metazoans.

Tests of fit to the model also suggest that empirical models may be preferable to the
mechanistic GTR models (table 2.1 and 2.2). My interpretation is that a moderate
increase in the log-likelihood of GTR trees, may not justify the much larger amount of
time needed for computation. This is particularly true for taxonomically small datasets
(such as the ones | used for the test of model fit) which may not contain sufficient
substitutional information for a correct estimation of the replacement rates of the GTR

model.
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Chapter 3
The effect of outgroup choice and the affinity

of myriapods

3.1 Abstract

The choice of an appropriate outgroup is a fundamental prerequisite when the difference
between two conflicting phylogenetic hypotheses depends on the position of the root.
This is the case for the myriapods that may group either with Pancrustacea, forming a
clade called Mandibulata in accordance with morphological characters, or with
chelicerates to form Myriochelata as has recently been proposed by molecular
phylogenies. The importance of a suitable outgroup is highlighted by the possibility that
the node describing myriapod affinity may be subject to stochastic and/or systematic
error related artefacts. In order to understand the impact that outgroup choice may have
on phylogenetic reconstruction, | have investigated compositional heterogeneity and
genetic distance in mtDNA sequences of several different outgroups to the arthropods,
selected from deuterostomes, lophotrochozoans and non-arthropod ecdysozoans, and
have used them to root a phylogenetically balanced and compositionarily homogeneous
arthropod dataset. Results indicate that some outgroups, in particular from
lophotrochozoans, nematodes and an onychophoran, have G+C content and strand
specific biases which are very different from those of arthropods, suggesting that the
use of such outgroups may interfere with the stationarity of the model and might create
a random outgroup effect. | propose a new metric (called the skew index) which can be
used for comparative mitogenomic studies and have defined a set of a priori criteria for
the identification of optimal outgroups (and ingroups). Inference of phylogeny shows
that use of phylogenetically distant and compositionally distinct lophotrochozoans as
outgroups supports Myriochelata and use of more closely related, while fast evolving
nematodes provide contrasting signal. Optimal outgroups selected according to our
multi-criteria selection supports Mandibulata. In conclusion, support for the

Myriochelata hypothesis from mitochondrial sequences may depend on the nature of the
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outgroup sequences rather than a true phylogenetic signal. | advocate a careful analysis
and an objective choice of outgroup when dealing with highly derived sequences, such

as mitochondrial genomes.

3.2 A matter of outgroup position

As the sister group relationship between crustaceans and hexapods is well accepted
(with myriapods and chelicerates lying outside this ‘pancrustacean’ group) the question
of the affinities of myriapods depends entirely in the position of the outgroup (see figure
1.4 C). It is clear that the choice of a correct outgroup may have a significant impact on
phylogeny estimation around this node.

When inferring arthropod phylogeny from mtDNA genes, researchers to date have
rooted the tree using annelids or molluscs as outgroups, possibly because annelids, at
least, were thought to be the true sister of arthropods according to the now discredited
Articulata hypothesis, but more obviously because no suitable ecdysozoan sequences
have been available. Among the ecdysozoans, several fully sequenced nematode
mtDNAs exist, but have not been selected as outgroups because of their high
substitution rate: a divergent outgroup may generate difficulties in the aligning process,
loss of signal, random outgroup effects and will tend artifactually to attract fast evolving
(Philippe et al. 1998) and/or compositionally similar (Foster et al. 1999) ingroup species
towards the base of the tree. As a consequence, many authors have been forced to
choose between different sorts of inadequate outgroups: phylogenetically close, but
genetically distant nematodes or phylogenetically distant lophotrochozoan annelids and
molluscs. Use of lophotrochozoan outgroups consistently supports the Myriochelata
hypothesis. While it has been reported that nematodes may perform better than
lophotrochozoans as outgroups in mtDNA based arthropod phylogeny (Cameron et al.
2004), more recent comparative analysis suggest than nematodes are characterized by
both fast evolving nuclear and mitochondrial genes, discouraging their use as arthropod
outgroups (Webster et al. 2006).

Accelerated substitution rates and composition heterogeneity may have also diluted the
natural phylogenetic signal and left the actual sequences prone to systematic and

stochastic errors, the latter due to the relatively small size of mitogenomes. In the light
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of this, and bearing in mind that the affinity of myriapods depends entirely on the
position of the outgroup, a careful analysis and an accurate selection of available
ingroup and outgroup sequences may help to lessen the problems involved with

mitogenomics and ultimately help to clarify arthropod relationships.

3.3 Compositional aspects of outgroups

3.3.1 Different outgroups to the Arthropoda have different compositional characters.

In order to understand the impact that outgroup choice may have on phylogenetic
reconstruction, | investigated compositional heterogeneity and genetic distance in
mtDNA sequences of several different outgroups to the arthropods. | chose outgroups
with the invertebrate mitochondrial genetic code (code 5 in NCBI) from the phyla
Annelida, Mollusca, Brachiopoda, Chaetognatha, Nematoda and Cephalochordata (in

table 3.1, for more details see chapter 7.3).
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Figure 3.1. Compositional properties of metazoan species considered in this chapter. Nucleotide
(G+C %) and amino acid content (GC rich amino acids %) are highly correlated in metazoan mtDNA
(R=0.96). G+C % is calculated on 1st and 2nd codon positions of conserved sites and GC rich amino
acids are calculated on the frequency of G, A, R, P amino acids (codons with G and/or C at both first two
positions). The arthropod value is calculated on the average of 21 selected arthropods species. Please
note that Priapulida, and not Onychophora have compositional characters similar to the arthropods.
Compare these values with figure 4.2, which is based on a similar, but enlarged dataset and uses a similar
colour code.
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For each of the outgroup sequences, | analysed the nucleotide content in terms of
G+C% and the amino acid content in terms of the percentage of amino acids that are
coded by codons that have G or C in both the first and second codon position (amino
acids G, A, R and P in figure 3.1). The two values are strongly correlated (Figure 3.1)
showing that amino acid content is influenced by the nucleotide content which therefore
has to be considered. According to Figure 3.1 (but see also Table 3.1), nematodes and
the onychophoran are characterized by high A+T % (low G+C %) while most of the
lophotrochozoans (Annelida, Brachiopoda, some of the Mollusca, Echiura) have higher
G+C % (between 0.4 and 0.43) compared with arthropods (0.36). Some of the molluscs
and the priapulid show very similar G+C % to that of the arthropods. The plot of figure
4.1 in the next chapter gives a better view of the arthropod composition than the plot of
figure 3.1, which shows an averaged value calculated over all the sampled arthropods.
The information from the two plots are consistent, however: the non-ecdysozoan
outgroups are GC enriched, the nematodes and the onychophorans are AT enriched and

the priapulids show an intermediate state.

3.3.1 Strand asymmetry.

As discussed in chapter 1.3, mitochondrial genomes can be extremely heterogeneous in
the distribution of nucleotides between the two stands, a characteristic known as strand
asymmetry; accordingly | calculated strand asymmetry for each of the outgroups in
terms of GC skew. This value was calculated for each gene independently (right part of
Table 3.1) and for the concatenated genes, as usually done in comparative genomic
studies. To highlight the similarity with arthropod strand bias | plotted, for each of the
coding genes, the difference between the GC skew value of a given outgroup and the
corresponding mean GC skew in arthropods. Some of the outgroups are characterized
by a skew that differs strongly from that of arthropods (Fig 3.2 A); these taxa were

excluded from subsequent analyses.

The majority of outgroups | selected for phylogenetic inference have a similar strand
asymmetry to that of arthropods (e.g. figure 3.2 B). Priapulid strand asymmetry is the
most similar to that of arthropods (Figure 3.2 C), while the onychophoran is dissimilar

in part due to numerous genomic rearrangements.
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Figure 3.2. Different strand asymmetry in different outgroups. Difference between GC
skew of selected outgroups and the mean of arthropods GC skew calculated for each gene of the
mtDNA. The order of genes is as in the Ancient Arthropod Gene Order (AAGO, see chapter 4)
starting with COX1. A: Most of the lophotrochozoan and nematode outgroup species have a
skew profile very different to the arthropod one. B: Selected lophotrochozoan outgroups
(mollusc) and some nematodes have GC skew values more similar to the arthropods ones. C:
Priapulida is the outgroup showing the smallest difference with respect to arthropod skew
values for all of the genes. Color code as in figure 3.1 and 3.3.

3.3.2 The new metric “ skew index” and its utility in mitogenomic studies

The skew summed over all genes may be meaningless as two taxa may have an opposite
skew in every gene yet end up with the same mean skew (compare the mollusc
Katharina tunicata in table 3.1 and figure 3.2 A). As the graphical representation of
skew along many genes is problematic, | captured the similarity of skew values in a
single measure I called the ‘“skew index”. This value gives a direct description of how
much the overall strand asymmetry of one species differs from an hypothetical genome
without strand asymmetry. The skew index is defined as the absolute sum of the GC
skew value (GC) for each of the genes (j), normalized for the length of the gene (length

j) and the number of genes (n):

SI (Skew Index) =[ 3 j(abs GC;)/ (length j/ total length *100) ]/n.

One application of the Skew Index is the comparison of different mitogenomes and
indeed this was my aim when generating this index. The skew index can be calculated
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relatively to a reference mitogenome, and, in the case of this study, | used the mean
calculated over various arthropod species (see materials and methods 7.4.3 for a
justification of the averaging). This “relative skew index” is then defined as the absolute
sum of the differences between GC skew value of the considered species (GCs) and the
mean of arthropods (GCa) for each of the genes (j), normalized for the length of the

gene and the number of genes:

RSI (relative ST )=[ Y j(abs ( GCsj-GCgq) ) / (length j / total length *100) ] / nj.

This value gives a direct description of how much the overall strand asymmetry of one
species differs from the mean of arthropods and may be considered as a concise
description of a skew plot. A low skew index indicates a species with a skew profile
similar to that of arthropods (e.g. Priapulus RS1=0.8), while a high value corresponds to
species with a very different strand asymmetry to that of the arthropods, such as some
nematodes (RS1=3.00).

Interestingly, | found that Skew index is positively correlated with ML genetic distances
(Figure 3.3A), suggesting, not entirely surprisingly, that species with a greater skew
difference from arthropods are also more genetically distant and that skew index may be
considered a useful predictor of outgroup adequacy. On the other hand the skew index
is not correlated with the G+C content of the mitochondrial genome, similarly
calculated as the difference between the G+C content of each outgroup and the
arthropod mean (Figure 3.3B). This suggests the importance of accounting for strand
asymmetry, in addition to G+C%, in the selection of adequate taxa for phylogenetic

purposes.

3.3.3 Best Putative outgroup

Based on my a priori assumptions that short genetic distance and similar G+C content
and GC skew are indicative of optimal outgroups, my results show that Priapulus
caudatus is the best available outgroup. First, its mtDNA has the lowest genetic
distance to Limulus (0.284 in table 3.1), suggesting that it is characterised by a slow
mutational rate and it will be least prone to long branch attraction. Second, its
compositional characters are very similar to those of arthropods, both for G+C% (in
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Figure 3.1) and GC skew (Skew index 0.8 and see Figure 3.2 C). These aspects should
reduce the possibility of non-stationarity of the nucleotide/amino acid sequences during
inference of phylogeny. Last but not least, the priapulid is an ecdysozoan and

consequently an ideal root for the arthropod that are themselves ecdysozoans.
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Figure 3.3. Utility of Skew index in mitogenomics. (A): Skew index is correlated with genetic
distances in metazoan mtDNA (R=0.743). Correlation could suggest that species with strand
asymmetry compositional bias have a higher probability of accumulating more substitutions or
more simply that a difference in skew leads to a difference in sequence. In either case the skew
index may be considered a good predictor of outgroup adequacy. (B): Skew index is not (or very
poorly) correlated with nucleotide content (R=0.298), calculated as the difference between each of
the outgroups and the mean of arthropods. This suggests that strand asymmetry of genes is not
correlated with the mutational pressure that is responsible for GC content, consequently both
sources of bias ought to be taken into account. Colours code is given and is the same as in figure
4.1,3.2and 4.6.

Onychophorans with tardigrades and arthropods are likely to form a clade called
Panarthropoda (Nielsen 2001) and consequently could be considered a closer and more
valuable outgroup than the priapulid. However, the onychophoran genome is AT
enriched (G+C % 0.31) in a way that resembles derived nematode species (see Figure
3.1, but also figure 4.2, pag. 75). This fact, together with the tendency of onychophoran
nucleotide sequences to branch within paraphyletic pancrustaceans (tree not shown) and
a fairly high value of skew index (1.7), suggest they may not be the ideal outgroup to
root the arthropod tree. The outgroup study of this chapter, has been carried out prior to
the analyses of the next chapter, which accessorily encompass tardigrades. Inspection of
tardigrades compositional characters (figure 4.2 and 4.3 in next chapter), as well as their
hypothetical panarthropod affinity, suggests that tardigrades may be a good candidate to

root the arthropod tree. However, tardigrades, are clearly characterised by an
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accelerated rate of evolution (table 4.1, pag. 77), a fact which may promote systematic
type reconstruction errors, in particular long branch attraction (LBA) one. This
possibility is clearly manifested by the inference of phylogeny in the presence of
tardigrades (throughout the next chapter), which shows that tardigrades are prone to

reiterated LBA artefact.

Phylum ies M. G+C Amino GC Skew Gene GC skew Unsp
dist. % % Skew index C1 C2 A C3 N3 N5 NM N N6 CB NL N2 bran
Mean of Arthropoda 000 036 017 0.02 001 01 02 O 01 018 02 032 02 01 017 02
Mean Lenght of gene 512 229 276 261 115 572 446 100 153 377 310 339
Nematoda  Xiphinema americanum 0.77 [0.36] 014 0.08 13 ]011 014 O 01 01| 0 013 023 -0 007 007 021 yes
Thaumamenms cosgrovel 0.85 032 0.12 0.08 13]01 01 01 02 01 00O 0O 01 OO OO0 02 00
Trichinella spiralis [ 074 T036] 014 0.05 22 0O 01 04 02 02 042 039 071 04 01 048 08 yes
Anisakis_sinplex 0.78 [0.34 014 | 0.20 18 016 023 025 028 051 021 011 037 029 019 019 017
Ascaris suum 0.77 031 0.31 29 024 031 033 034 062 035 02 066 038 034 045 074
Ancylostoma duodenale 012 032 29 026 032 034 034 06 037 022 056 054 03 041 069
Caenorhabditis elegans 077 0.3) 012 0.23 21 019 027 017 026 062 029 015 052 033 023 0.4 033
Cooperia oncophora 076 028 011 0.33 30 026 032 038 035 074 04 02 067 042 032 037 07
Necator anmericanus 077 028 012 034 31 025 031 035 037 059 042 024 061 048 034 045 0.78
Steinemena carpocapsad 0.75]030 011 020 18 018 022 027 023 047 022 009 052 005 019 015 02 yes
Srorgyk]desstercolals 076 028 011 021 20 021 027 03 023 036 017 014 058 009 022 03 041
Brugia melayi 09 030 013 032 29 018 03 03 037 052 037 036 059 068 027 027 072
Dirdfilaria immitis 09 030 013 034 32 017 034 031 039 064 037 034 068 0.73 027 049 076
Onchocerca volvulus 091 031 013 035 32 015 034 034 044 05 042 041 06 058 025 05 077
Priapulida  Prigpulus caudatus 028 037 017 005 08 004 001 001 006 004 004 009 025 02 01 02 011 no
Onycophora Epiperipatus biolleyi 033 031l 014 015 17 016 023 022 019 024 022 023 037 -02 -02 006 051 yes
Chordata Branchiostoma lanceolatu 0.42 [0.41] m 021 010 10 004 014 O 01 02 02 017 008 -02 003 002 027
Branchiostoma floridae 042 042 021 010 10 004 014 O 01 02 02 017 008 -02 002 O 026
Branchiostoma belcheri 041 [041] 021 012 12 005 017 002 012 023 017 021 015 -02 004 005 045
Epigonichthys lucayanus [041 [042 021 [002] 10 |00l 004[-02 004/-01 013/ -0 01 -02 01 036 01 no
Chaetognath Spadellacephaloptera 051 039 018 003 007 0 008 02 0 014 O -0 009 017 O vyes
Annelida Urechis caupo 038 043 020 018 18 0 01 03 0 01 02 -03 02 04 01 037 03 yes
Lunbricus terrestris [037]041 019 014 14 0 01 03 O 01 02 02 01 04 01 025 -02
QAymenella torquata 038[039] 019 014 16 0O 01 02 006 03 02 02 02 03 01 029 02 yes
Platynereis durrerilii 040 040 049 -OCB J_5 0O 064 O 009 01 01 02 01 02 0O -03 02
Branchiopod Lagueus rubellus 047 043 021 006 016 021 023 018 025 008 03 037 012 027 054
Terebratadiatransversa 048 [042] 020 | 024 21 01 01 021 019 037 034 029 047 047 009 036 06
Terebratdinaretusa [ 042|045 020 | 020 22 [01 01 03 -0 -02 -03 -02 -01 02 -02 054 04 yes
Mollusca Qrassostrea digas 070 041 019 015 14 006 018 012 019 015 013 021 03 0.09 012 015 038
COrassostrea virginica 070 042 0419 013 13 005 016 004 005 026 019 015 008 007 013 01 035
Mytilus edulis 059 041 0419 0.23 18 02 018 025 021 04 018 027 031 047 01 015 038
Mpytilus galloprovincialis 059 041 019 0.23 18 02 017 025 018 042 018 027 033 048 01 015 036
Placopecten megellanicus_0.69 044 023 0.31 26 013 027 038 032 032 035 035 05 038 024 047 05
Todarodes pacificus [ 037 ]034] 015 013 13 0O 01 02 002 01 032 04 057 051 022 041 03 yes
Loligo bleekeri | 037034 016 014 14 O 01 02 O -01 035 045 061 055 024 035 03
Albinaria coerulea 052 [035] 017 006 12 ] 01 006 01 008 O 007 004 017 016 0O 003 015 no
Aplysia califomica 047 040 019 0.09 13 011 005 001 012 003 014 007 -0 019 001 008 023
Bionphalaria glabrata 045 033[ 015 0.09 12 ]011 005 01 006 O 011 011 014 026 004 001 028
Haliatis rubra 035]042 020 [ 0O/ O8] © ©1 02 001 01 026 03 044 033 005 032[-03 yes
F’Lpastngosa 049 042 020 [ 008 ] 13 007 002 01 014 013 002 013 012 024 O 0O 025
Roboastra europaea 046 040 019 010 13 007 016 O 009 -01 016 009 011 038 003 -002 03
Siphonodentaliumlobatun 0.50 0.38] 0.17 010 [ 10 [012 -01 01 002 -01 035 023 02 -03 01 016 037 yes
Katharina tunicata [038]037] 017 [ 008 | 26 018 016 022 021 034 01 01 O -0 -0 037 051

Table 3.1. “decision maker table” used to select an optimal set of arthropod outgroups. In phyla
with more than one species | highlighted best values of distance or compositional character with a border
and problematic values in red. From left to right various evolutionary characters: (1) classification; (2)
the ML corrected distance from Limulus polyphemus; (3) the percentage of G+C nucleotides counted at
the 1st + 2nd position of the whole supergene used in phylogenetic reconstruction; (4) the percentage of
amino acids that are coded by G/C rich codons; (5) GC skew values calculated on the 1st +2nd codon
position of the whole supergene; (6) skew index as measure of how much the overall strand asymmetry
differs from that of arthropods ;(7) GC skew values calculated for each gene at 1st + 2nd position. Genes
with a negative GC skew (high in G and low in C) are highlighted in grey in order to make a comparison
with the average skew values of arthropods easier (first row in the table); (8) selected outgroups and their
ability to avoid unspecific branching.
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3.4 The effect of outgroup selection

3.4.1 Selection of optimal outgroups

The metrics discussed in the previous paragraphs, and summarised in table 3.1, were
used to choose a set of 14 appropriate outgroups representative of the available phyla.
Table 3.1 has been used as a decision maker and the criteria | have used in order of
given precedence are: (1) low substitution rate, (2) ingroup-like G+C%, (3) low relative
skew index, (4) phylogenetic proximity to arthropods and (5) the ability of the
outgroup to avoid a “random branching effect”. The latter character has been based on
preliminary tree searches, using one outgroup at time. | have noted that all
Lophotrochozoan outgroups | have tested, apart from the mollusc Albinaria cerulea,
resulted in trees with a diphyletic Pancrustacea, generally attracting the problematic
taxa Speleonectes, Pollicipes and Gomphiocephalus. Additionally all the longer
branched ecdysozoans outgroups, (but not Priapulus) have shown unspecific branching,
in some cases with the problematic taxa mentioned above, and in other cases with fast
evolving species such as ticks. Interestingly, some outgroups attracted ingroup species
with similar composition to the base of the tree: G+C rich species such as annelids or
the mollusc Haliotis branch with G+C rich crustaceans while the A+T rich
onychophoran and nematodes respectively attracted more A+T rich insects or
chelicerates.

These results suggest that genetically and compositionally distant outgroups have
incorporated misleading signal in their sequences and they may be considered
inappropriate outgroups and a likely source of systematic error. The ability of an
outgroup to root a tree without attracting long branch ingroups (as seen using
nematodes) or compositionally biased species (as with lophotrochozoans) is a minimal
condition for the adequacy of the outgroup itself. The mollusc Albinaria, the
cephalochordate and the priapulid seem least affected by this problem of nonspecific

rooting.

| used the set of 14 selected outgroups to build different datasets. | decided to use four
sets of selected outgroups as follow: a group of 6 Lophotrochozoans, a group of 3

nematodes, a group of 4 ecdysozoans and a fourth group that consist on the 3 species
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that were not prone to unspecific branching with some of the ingroups. This last group
contains the priapulid Priapulus caudatus that, according to my criteria, has been shown
to be the best possible outgroup, the mollusc Albinaria coerulea, that, among all other
Lophotrochozoans, is characterised by the most arthropod-like compositional characters

and the cephalochordate.

3.4.2 Different outgroups promote different tree topologies.

The four sets of outgroups were used to root my well-balanced 18 arthropod dataset,
chosen to represent major arthropod clades equally and to limit the effects of over-
sampled groups (see materials and methods for details). For each dataset | used three
approaches for inferring the phylogeny: Bayesian tree searches both at nucleotide
(GTR model) and amino acid level (MtZoa model) and Likelihood bootstrapping at
nucleotide level only (GTR model, chapter 7.3, page 129 for more details). Results are
summarised in figure 3.4, where | show, for each of the datasets, the most resolved tree
among the three | inferred with support values at nodes of interest. However the
majority of other nodes were supported with values close to 1.00/100% for posterior
probailities and bootstrap supports respectively.

Lophotrochozoans used in this study root the arthropod tree at the base of the
Pancrustacea, making Myriapods and Chelicerates a monophyletic clade: the
Myriochelata (figure 3.4 A). The signal is strong and independent of the method and
data used. This result is in accordance with all the previous published mtDNA analyses
that, until now, used only Lophotrochozoan species as outgroup sequences (Nardi et al
2003, Pisani et al 2004 among others). These previous studies generally included
Katharina tunicata that has a very derived strand asymmetry (see table 3.1 and figure
3.2 A). | have repeated tree searches using only annelids or only molluscs and got

similar results (trees not shown).
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Figure 3.4. Different outgroups give different tree topologies. Values at nodes of interest
correspond to Bayesian posterior probabilities for nucleotides (plain text), amino acids (italic)
and bootstrap probabilities from Maximum likelihood analysis of nucleotides (bold) A: distant
lophotrochozoans supports the Myriochelata hypothesis, in accordance with previous mtDNA
phylogenies. B: The use of more phylogenetically related, but genetically distant Nematoda,
gave contrasting phylogenetic signal, with some evidence for paraphyletic myriapods. C: my set
of optimal outgroups support Mandibulata. D: Ecdysozoan outgroups give weak support for
Myriochelata, while exclusion of nematodes does not affect the tree topology (E), and exclusion
of the onychophoran recovered Mandibulata (F).
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The use of nematodes gives contrasting results depending on character state (see
posterior probabilities, PP for nucleotides versus amino acids) suggesting that the
phylogenetic signal from these species is weak. In general the use of nematodes tends to
make myriapods paraphyletic (figure 3.4 B), placing Diplopoda (millipedes) at the base
of the arthropod tree and Chilopoda (centipedes) at the base of Pancrustacea. However
no support is given to a monophyletic group of myriapods and chelicerates, as deduced
from inspection of the partition probabilities calculated form the trees sampled during
MCMC.

| have also used a set of 4 ecdysozoan species containing the priapulid, the
onychophoran and 2 slowly evolving nematodes. Results are mixed: while in the
Bayesian nucleotide tree, the outgroups do not form a monophyletic group (hematodes
are placed within paraphyletic myriapods while onychophoran and priapulid are at the
base of Pancrustacea), the corresponding amino acid tree supports Myriochelata (figure
3.4 D). The ML nucleotide tree is unresolved. | have repeated the analyses in the
absence of the nematode sequences and | recover strong support for Myriochelata
(figure 3.4 E), whereas exclusion of the onychophoran leads to support for Mandibulata
(figure 3.4 F).

3.4.3 The use of optimal outgroups supports Mandibulata.

I have used as an outgroup clade the set of 3 species that, in accordance with my multi-
criterion approach, were considered optimal. Use of these three taxa recovered
monophyletic Mandibulata (Figure 3.4 C). While Albinaria and Priapulus have
moderate and “arthropod like” composition patterns (see G+C content and GC skew), it
is arguable that the GC rich genome of the cephalochordate may be a misleading factor.
However, if this was the case | should expect this outgroup to branch specifically with
G+C rich crustacean species, as in the case of the mollusc Haliotis, which has a similar
G+C content, but this does not happen. In any case, exclusion of the cephalochordate
still results in monophyletic Mandibulata (tree not shown). Another possible argument
against the reliability of this outgroup set is that Albinaria is not characterised by a very
reduced substitution rate (table 3.1). For this reason | have repeated the analyses in the
presence of the slower evolving mollusc Todarodes, in place of Albinaria and results

show no substantial differences.
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In order to validate results obtained using a compositionally balanced, but numerically
restricted dataset of 18 arthropods species, | repeated the analysis with a larger dataset
of 41 arthropods, more representative of the main arthropods lineages, in particular of
chelicerates and crustaceans. | have repeated Bayesian tree searches using the 4
different set of outgroups: with 4 lophotrochozoans, 3 nematodes, 5 ecdysozoans and
the 3 best putative outgroups. Results show that both nematodes and lophotrochozoans
are prone to long branch artifacts, as they tend to branch with the fast evolving
maxillopod crustaceans (trees not shown). Interestingly, when using amino acids,
lophotrochozoans do not show any support for the Myriochelata hypothesis, suggesting
that the use of an enlarged sample may contribute to decrease the signal responsible for
their supporting Myriochelata. The use of ecdysozoans including the onychophoran
again gives support for Myriochelata, while the use of the 3 best selected outgroups
(Priapulida, Albinaria, Cephalochordata) support Mandibulata at both nucleotide (72%)
and amino acid level (95%).

3.5 Conclusions: the importance of outgroup selection and some

support for Mandibulata

My results show that different outgroup taxa may root the ingroup tree (arthropods in
the case | studied) in different positions. This may have critical consequences when the
answ