CARDIFF

UNIVERSITY

PRIFYSGOL

(AERDYD

An evolutionary history of the peregrine epigeic
earthworm Lumbricus rubellus

Pierfrancesco Sechi

Thesis submitted to Cardiff University in candidature for the degree of Doctor of Philosophy

September 2013
Cardiff School of Biosciences

Cardiff University






DECLARATION

This work has not previously been accepted in substance for any degree and is not concurrently

submitted in candidature for any degree.

Signed ...ccoeevveiiieeieieeee e (candidate) Date ...cooveevieieeen,

STATEMENT 1

This thesis is being submitted in partial fulfilment of the requirements for the degree of PhD.

Signed ...ccoeevveiiieeieeeee e (candidate) Date ...coovevveeieine,

STATEMENT 2
This thesis is the result of my own independent work/investigation, except where otherwise stated.

Other sources are acknowledged by explicit references.

Signed ...ccoeevveiieeiieeeeee e (candidate) Date ....coovevveeiien,

STATEMENT 3
I hereby give consent for my thesis, if accepted, to be available for photocopying and for inter- library

loan, and for the title and summary to be made available to outside organisations.

Signed ..oocoeevveiiieeiieieeee e (candidate) Date ...cooveevveiieen,

STATEMENT 4 — BAR ON ACCESS APPROVED
I hereby give consent for my thesis, if accepted, to be available for photocopying and for inter- library

loans after expiry of a bar on access previously approved by the Graduate Development Committee.

Signed ...ccoeevvevieeieie e (candidate) Date ..ccooveveieiienne



An evolutionary history of the peregrine epigeic earthworm

Lumbricus rubellus

Pierfrancesco Sechi*

Supervisors:

Prof. Michael W. Bruford

Organisms and the Environment research group, Cardiff School of Biosciences,
Cardiff University, UK

Address: The Sir Martin Evans Building, Museum Avenue, Cardiff, CF10 3AX

Prof. Peter Kille

Organisms and the Environment research group, Cardiff School of Biosciences,
Cardiff University, UK

Address: Main building, Museum Avenue, Cardiff, Cf10 3AT

This work was financed by Agenzia regionale per il lavoro, Regione Sardegna (Italy)

with a PhD grant relative to the Master and Back program — Alta Formazione (High
Education), ref. n. 9847.

*Email for correspondence: pierfrancesco@gmail.com

II



“Still round the corner there may wait
A new road or a secret gate,

And though we pass them by today,
Tomorrow we may come this way
And take the hidden paths that run
Towards the Moon or to the Sun.”

John Ronald Reuel Tolkien
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Summary

Recent studies have indicated the presence of a high degree of cryptic genetic
diversity in some clitellate sentinel species. One of these species, the earthworm
Lumbricus rubellus, has been recently found to comprise two divergent clades in the
UK, and are possibly cryptic species. L. rubellus 1s commonly used in
ecotoxicological assays, where undetected differences in contaminant responses
between cryptic lineages may lead to confusing or misleading results. Furthermore,
given the key role that earthworm species play in the soil ecosystem, a better
understanding of cryptic diversity is necessary to investigate whether divergent
lineages play different roles within their ecosystems.

In this study, the phylogenomics of the acid-tolerant, cosmopolitan, epigeic
species Lumbricus rubellus was investigated, with regard to demography during the
glacial stages of the Pleistocene and the recent post-glacial colonization of North
Europe using mitochondrial DNA markers, next-generation sequencing and
environmental niche modelling tools.

The niche suitability of L.rubellus during the last 120.000 years was inferred,
allowing hypotheses on survival and recolonisation to be constructed. Phylogenetic,
population structure and coalescent-based analyses resulted in the discovery of 11
deep divergent lineages (with levels of divergence up to 18% for mitochondrial
markers), which most likely survived in refugia during Pleistocene glaciations.
Signatures of expansions point to a possible recolonisation of central Europe during
the last Glaciation, survival of one of the clades in a northern cryptic glacial refugium
and a consequent recolonisation of northern Europe during the last 10,000 years.
Genetic evidence and divergence time ultimately suggest that L. rubellus is a cryptic
species complex, which clades diverged as far as ~5SMY ago.

The entire mitochondrial genome of the species complex is described here for
the first time, and a survey of the deep phylogenetic signal over the mitochondrial
genomes of eight selected individuals was carried out, supporting and deepening the
phylogeny constructed using only two mitochondrial genes. Finally, whole genome
analysis of genetic divergence supported the hypothesis of cryptic divergence for the

two most divergent lineages selected.
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1.1 Foreword

Earthworms, common creatures that we encounter from the day we start to
explore nature with childhood curiosity, may appear insignificant creatures to an
inexperienced eye. Nevertheless, their importance has been recognised for millennia.
In Ancient Egypt, earthworms were considered indispensable to the agricultural
economy. It has been told that Cleopatra declared these animals sacred, and any
export of earthworms was punished by the death penalty (Minnich 1977). In more
recent times, they received the passionate attention of Charles Darwin. Since then, the
interest of scientists in these organisms has been constant, increasing consciousness of
their importance for ecosystem health.

Charles Darwin’s first scientific paper, written in 1837, described the
formation of mould as a result of worm activity. His interest for these animals
continued all his life and found a symmetrical conclusion with his last book, “The
formation of vegetable mould, through the action of worms, with observations on
their habits”. This book, written in 1881, was his most successful book at the time of
his death, one year later. For the following 120 years, earthworms have been studied
to address important questions in the environmental and ecological sciences. These
studies have emphasized the benefits that earthworms bring to soil ecosystems.
Processing soil organic matter, they indirectly promote plant growth by increasing the
turnover rate of nutrients, preventing run-off and promoting soil microflora (Syers
and Springett 1983). According to Lavelle (1997) earthworms have a key role in
physically structuring the soil and modifying its environment. Consequently, they can
be considered as ‘ecosystem engineers’ capable of improving soil quality by
increasing the availability of nutrients through direct and indirect action (Jouquet et
al. 2006). Furthermore, as soil organisms, earthworms are in intimate contact with
bioavailable chemicals, and are thus sensitive indicators of soil health. Hence, they
can be important biomarkers of how soil organisms adapt, in terms of both physiology
and evolution, to changing soil chemistries.

It 1s commonly believed that the last glaciations eradicated much of the soil
fauna in northern Europe and that modern communities are the result of

recolonisation after the retreat of the ice (Hewitt 2000). It has been speculated that the
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modern earthworm fauna in regions such as UK and Scandinavia are the result of
such recolonisations, and that Pleistocene glaciations played an important role in the
cryptic differentiation process of many annelid taxa (King et al. 2008). Another
important factor that could have shaped the patterns of recolonisation and distribution
of earthworms is either the natural or artificial composition of soils, including heavy
metal burden (Edwards 2004).

Understanding the genetic structure and adaptations of earthworms potentially
aids modelling of present and future ecosystem functions and changes. Despite this, a
large-scale genetic analysis of the history and demography of earthworm species, with
regards to survival in glacial refugia and the subsequent re-colonization after the ice
retreat, is conspicuously lacking. Due to their keystone and ecological engineering
status, this is essential to achieve a better knowledge and understanding of their
population structures, evolutionary histories, and genetic diversity. The present
project therefore aims to investigate the phylogenomics of the acid-tolerant,
cosmopolitan, epigeic species Lumbricus rubellus with regard to demography during
the glacial stages of the Pleistocene and the recent post-glacial colonization of North

Europe using mitochondrial DNA markers and next-generation sequencing tools.

1.2 Soil ecosystem engineers

Soil is defined as the upper layer of the planet’s surface. It is a complex
substrate composed by a mix of mineral particles, organic matter, water, air and living
organisms. Soil is considered a non-renewable source (Turbé et al. 2010), performing
many functions of vital importance: food production, biomass production,
transformation and storage of many substances of primary ecological importance,
such as water, nitrogen and carbon. Soil serves as base of human activities and
provides raw materials; most importantly, soil is habitat and serves as gene pool for
an incredible portion of biodiversity of the planet (Heywood 1995; Decaéns et al.
2006). Indeed, soils form the habitat and resource base for a large element of global
biodiversity: over one quarter of all living species are strict soil or litter dwellers
(Decaéns et al. 2006). Soils are home to prodigious biodiversity, which can often be
several orders of magnitude greater than that present aboveground or in the canopy of

rainforests (Heywood 1995; Decaéns et al. 2006). One square metre of land surface
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may contain some ten thousand species of soil organisms, whereas aboveground
biodiversity may be orders of magnitude less rich (Schaefer and Schauermann 1990,
Wardle et al. 2004).

This astounding richness includes organisms that are essential in moulding the
soil ecosystem and for this reason they are sometimes called ecosystem engineers.
Ecosystem engineers modify the environmental conditions for other organisms
through their mechanical activities (Jones et al. 1997). Earthworms, termites, ants and
roots have been identified as the most important biota in the soil (Lavelle et al. 1997).
Earthworms, in particular, are the single largest contributors to the soil invertebrate
biomass in many soil environments. As soil ecosystem engineers, they have the
ability to build resistant organo-mineral structures and pores by moving through and
mixing the soil, in a process known as bioturbation. They also have important roles in
soil aeration and organic matter fragmentation, thus contributing directly to nutrient
cycling and structural development of the soil (Darwin 1892; Heemsbergen et al.
2004). It was even discovered that they play a direct role in determining the

greenhouse-gas balance of soils worldwide (Lubbers et al. 2013).

1.3 Lumbricus rubellus biology and ecology

Earthworms are systematically grouped in the phylum Annelida, class
Clitellata, subclass Oligochaeta, order Haplotaxida and suborder Lumbricina. There
are 6000 or more described species of Oligochaeta, and half of them are earthworms
(Sims and Gerard 1999). The suborder Lumbricina consists of five families, including
Lumbricidae, the family of L. rubellus (ITIS 2012).

L. rubellus presents the typical earthworm anatomy. The earthworm’s body is
divided externally in a series of segments separated by furrows. They have a thinly
pigmented cuticle, which bears chitinous setae on almost every segment, except the
first two. The tubular body wall consists of an external layer of circular muscles and
an internal layer of longitudinal muscles. The furrows correspond internally to
transverse walls, or septa, filled with coelomic fluid, which divide the internal
coelomic space into segmental divisions. Pores on the septa allow the passage of the
coelomic fluid within segments (Edwards 1996). They do not possess a skeleton, the

function of which has been substituted by a hydraulic system formed by the
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incompressible fluid in the coelom. The alimentary canal, the vessels of the vascular
system and the nerve chord run over the length of the coelomic cavity. The
anatomically and functionally differentiated alimentary canal contains brush-bordered
absorptive epithelia. The closed vascular system, with at least a dorsal and a ventral
trunk, carries circulating haemoglobin in free suspension. The organized nervous
system has cephalic ganglia and neurosecretory activities, and there is evidence of a
multifunctional tissue (the chloragog) for which carbohydrate metabolism and storage
properties are reminiscent of mammalian hepatocytes (Edwards 1996). A series of
paired tubules (nephridia) in each segment has renal urine-forming functions, and a
systemic immune system comprises leukocyte-like cells (coelomocytes; Stiirzenbaum
et al. 2009).

According to Bouché (1971, 1977), earthworm communities can be divided in
three major ecological groups: litter dwellers or epigeic species, deep burrowers
(anecic), and horizontal burrowers (endogeics). L. rubellus belongs to the first
category: normally, it lives in the superficial strata of the soil, above the mineral layer,
feeding on decaying matter, decomposing logs, manure, compost etc. It is heavily
pigmented, as an adaptation to life in the litter. It is characterised by relatively high
reproductive rates, quick growth and high mobility. It has high mobility to avoid
predation (Edwards 1996; Sims and Gerard 1999). L. rubellus presents anatomical
features common to the epigeic category: heavy pigmentation on the dorsal side, a
small-medium size (60-130 cm) and the anterior part of the body musculature and the
anterior septa is reduced, as an adaptive response to life in the upper layers of the soil,
where no deep burrows are necessary (Edwards 1996; Sims and Gerard 1999).

L. rubellus is a hermaphrodite lumbricid that reproduces with cross-
fertilisation. Each individual has both male and female reproductive systems, mostly
restricted to a few anterior segments, that function simultaneously (Edwards 1996).
Usually a glandular swelling, the clitellum, develops over several segments in the
anterior half of the body of the adults. This is where the cocoons or egg capsules are
formed (Sims and Gerard, 1999). As is common in earthworms, L. rubellus is a semi-
continuous or continuous breeder; it can reproduce periodically through the year,
except when it is in diapause (a state in which the worm becomes inactive in response
to unfavourable environmental conditions, (Edwards 1996). L. rubellus produces a
relatively large number of cocoons per year (42-106) as opposed to the anecic species

Aporrectodea longa (3-13 cocoons/y, Satchell 1967). According to this author, there
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is a correlation between number of cocoons produced and exposition to adverse
environmental factors such as temperature and predation in earthworm species.
Epigeic species, more exposed to environmental hazards, tend to produce more
cocoons to increase chances of survival. The time for maturity for L. rubellus has
been reported to be 37 weeks (Evans and Guild 1948). This gives a generation time of
1/year.

L. rubellus is mainly found in the holartic zone. It is native of Europe, where
is widely distributed, mainly in the temperate areas. The species has been reported to
actively disperse ~ 14 m/y (Marinissen and Van den Bosch 1992), suggesting that
passive dispersal, such as human mediated dispersal could also have played an
important part of its distribution: indeed, anthropogenic dispersal have brought
populations of the species in North America (Tiunov et al. 2006), peninsular India,
South Africa, New Zealand and several other temperate oceanic Islands (Sims and
Gerard 1999). L. rubellus is part of an ensemble of earthworms species defined
‘peregrine’ because of their wide distribution over geographically remote localities
(Michaelsen 1903). The impact of L. rubellus and other peregrine species on formerly
earthworm-free environments can be so substantial that it has been recognised as
threatening the equilibrium of these ecosystems (Tiunov et al. 2006). The
characteristics of peregrine species include many characteristics that make them
efficient colonisers, such as ecological plasticity, opportunism in food choice, habitat
specificity, tolerance to environmental variables and resistance to chemical stress (Lee
1987).

L. rubellus shows wide adaptability to a broad panel of environmental
conditions. It has low levels of desiccation tolerance, thus preferring wetter soils,
from 20 to 25% of moisture content (Edwards 1996), but in case of droughts, which
can happen over some part of L. rubellus range, it has been suggested that it can
survive in a cocoon stage, as testified by the finding of immature specimens in soils
immediately after a drought (Parmelee and Crossley Jr 1988). Although it has been
reported that the optimal temperature range for its development is between 15° and
18° C (Graff 1953), the species has a broad temperature tolerance. As a general rule,
high temperature and dry soils are much more limiting for earthworms than low
temperature and water saturated or flooded soils (Nordstrém and Rundgren 1974).

Although it is experimentally known that earthworms can be killed by

freezing, in pastures and woodlands, soil does not freeze deeply enough to affect most
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species. In general, earthworms have a lower tolerance threshold for higher
temperatures than many other invertebrates, whereas tolerance for lower temperatures
for many earthworm species has been recorded to be close to freezing point (Edwards
1996). This seems to be true for L. rubellus, scarcely distributed in the drought-prone
regions of its Southern European range, but thriving at latitudes where soils usually
freeze in winter (Tiunov et al. 2006). An additional characteristic that could help a
peregrine species such as L. rubellus to survive to extreme climate conditions, is their
documented capacity to acclimate to different temperatures, allowing for adjustments
to seasonal temperature variations (Edwards 1996).

An important challenge for an earthworm can be posed by soil chemistry; it
has been recorded that earthworms possess a broad variation in tolerance between
species, some being acid tolerant, others being acid intolerant and other being
ubiquitous. L. rubellus, as other peregrine species, is ubiquitous, tolerating a pH range
from 3.5 to 8.4 (Sims and Gerard 1999).

As a result of this adaptability, the species can be found in a wide range of
habitats, the usual environment being moist and rich in organic content and decaying
vegetable matter. Its presence has been recorded in coniferous forests over the
European and introduced North American range (Addison 2009). It has also been
found in riparian zones, characterised by high soil moisture and conditions thought to
be challenging for earthworm species (Costello and Lamberti 2008). Common
environments are pastures (in particular with herds of grazing animals, where dung
pats attract them in great quantities; Sims and Gerard 1999), gardens, parks and river
banks. It has been proposed that the aggregation behaviour under dung pats may help
reproduction in low dispersal species (Whalen 2004).

It has been proposed that the present day L. rubellus population of northern
Europe countries is a result of recolonisation processes from southern European
glacial refugia, occurring after the retreat of the glaciers characterising the last Ice
Age (King et al. 2008). Alternatively, the possibility of survival of L. rubellus in
cryptic northern refugia (Stewart and Lister 2001; Stewart et al. 2010) has been
proposed to explain the presence of two deep divergent mitochondrial lineages of the

species in UK (Donnelly et al. In Press).
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1.4 Cryptic speciation

Historically, zoological taxonomy has focused on patterns of morphological
variation in animals, but a classical problem is that in closely related organisms,
intraspecific variation may be difficult to distinguish from interspecific differences. In
1948, Mayr argued for the first time against the morphological species concept,
pointing out the difficulties in distinguishing clear morphological patterns of
differentiation for some species.

During the 19™ century and the beginning of the 20" century, a great number
of oligochaeta were formally named, but they were often described briefly and/or
separated from each other on the basis of rather subtle morphological variation
(Brinkhurst et al. 1971). Numerous studies in the last 30 years (Holmquist 1983;
Erséus 1988; Coates 1990; Erséus 1997; Wang and Erséus 2004; Rota et al. 2007)
indicate that oligochaete diversity is considerably higher than once thought.
Taxonomy of earthworms, in particular, suffers from a lack of diagnostic structural
characters, a common feature observed in soil organisms (Lee and Frost 2002; Pop et
al. 2003) and many characters of taxonomic importance overlap among taxa (Pérez-
Losada et al. 2005).

The debate around the morphospecies concept has been recently invigorated
by the “revolution” caused by the use of barcoding and molecular analysis to support
taxonomy. In particular, invertebrate studies have been characterised, in the last years,
by the continuous discovery of hidden deep genetic diversity within morphologically
similar taxa. Cryptic speciation has been detected in molluscs (Baker et al. 2003),
crustaceans (Adamowicz et al. 2007; Wares et al. 2007) insects (Chenon et al. 2000;
Schlick-Steiner et al. 2006) and annelids (Sturmbauer et al. 1999; Erséus and
Gustafsson 2009), including sentinel species used in ecotoxicological studies, such as
the freshwater oligochaete Tubifex tubifex (Sturmbauer et al. 1999), the terrestrial
collembolan Folsomia candida (Chenon et al. 2000), and the marine isopod Idotea
baltica, living in intertidal ecosystems (Wares et al. 2007). In particular for
earthworms, numerous cases of cryptic divergence in clitellate organisms have been
discovered (Heethoff et al. 2004; King et al. 2008; Novo et al. 2009; Pérez-Losada et
al. 2009; James et al. 2010; Novo et al. 2010; Buckley et al. 2011; Dupont et al.
2011). All these studies support a scenario where soil conditions and sexual selection

independent from visual signals limit morphological changes (Lee and Frost 2002).
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The importance of earthworms in soil ecology and ecosystem functioning means the
consideration of knowledge of cryptic genetic diversity of primary importance. This
knowledge is necessary to further develop research on taxonomy, ecology,
systematics and conservation of this variety (King et al. 2008; Fernandez et al. 2012).
L. rubellus has been recently found to include two cryptic lineages in Britain
(King et al. 2008), with a possible differential response to contaminants (Andre et al.
2009). A recent investigation suggests that this divergence encompasses both
mitochondrial and nuclear genomes, hinting at effective reproductive isolation
(Donnelly et al. In Press). Therefore, a deeper knowledge of the extent and the
patterns of distribution of cryptic variation in peregrine species such as L. rubellus, is

of primary importance in order to correctly identify species in ecological studies.

1.5 Sentinel species in ecotoxicology

The soil’s dynamic system is strongly influenced by environmental variables,
such as climate change, human activities and pollution. These factors have a major
impact on soil biodiversity (Turbé et al. 2010). Soils reflect the mineral composition
of their sources, and are often subject to change in composition due to human
activities. Thus, soil concentrations of toxic metals and metalloids will reflect the
natural local soil geochemistry as well as the anthropic exploitation of mineral
resources.

Soil organisms may respond to toxic levels of soil metals in a number of ways.
Toxicity may include mortality, reduced lifespan, reduced fecundity or changes in
lifecycle dynamics such as time to maturity (Brown et al. 2004; Spurgeon et al. 2004;
Spurgeon et al. 2005; Hodson 2013). Local populations may simply become extinct,
as the contaminated soils becomes sterilised. Soil animals may actively migrate out of
or avoid the contaminated area (Lukkari and Haimi 2005). Alternatively, the
organisms may express tolerance to metal, through phenotypic plasticity or
physiological adaptations such as sequestration.

Some organisms are used as models to monitor the health of soil ecosystems.
These organisms are called ‘sentinel species’ and they allow the assessment of the
effect of contaminants on the ecosystems without the need to undertake whole-

ecosystem surveys (LeBlanc and Bain 1997; Mhatre et al. 1997; Tabor and Aguirre



Pierfrancesco Sechi | Ph. D. Thesis

2004; Frianzle 2006). This approach has been criticised as being an oversimplification,
but it has nonetheless been favoured as an affordable way to assess ecosystem health
(Caro and O'Doherty 1999; Carignan and Villard 2002). Sentinel species can be used
both in the laboratory, in modelling experiments to assess the effect of ecosystem
exposure to contaminants, and in the field, to evaluate the effect of real contamination
events (Francioni et al. 2007; Quir6s et al. 2007).

The selection of sentinel species must be done so that the use of the species in
the surveys yields meaningful results in the assessment of the pollution effect on the
ecosystem. Firstly, the species must be ecologically relevant in the considered
ecosystem, such that any detrimental effect on it can have an impact on the whole
ecosystem at different trophic levels (Chapman 2002). Key ecological roles include
prey species at different trophic levels (Hamers et al. 2006), species with an active
role in nutrient cycling and organic matter decomposition (van Straalen et al. 2001)
and ecosystem engineers (Jouquet et al. 2006) which activity affect the physical
characteristics of their habitat. Secondly, the species must show sensitivity to the
detrimental effects of contaminants, but such effects must be counterbalanced with a
certain degree of tolerance, such that a lethal response does not occur at low levels of
environment contamination. This would hinder the possibility to assess the effect of
chronic levels of exposure to contaminants (Donnelly 2011).

Effects can be characterised using dose-response measurements on the
species, and this allows the development of biomarkers for ecotoxicological studies
(Vasseur and Cossu-Leguille 2003). Ecotoxicological biomarkers are defined as any
biological response to an environmental chemical at individual level that can cause
departure from the normal status (Eason and O'Halloran 2002). Biological responses
caused by exposure to pollutants can be identified by analyses of morphology,
behaviour and can be detected at the cellular and molecular level (Depledge et al.
1995; LeBlanc and Bain 1997). Modern ecotoxicogenomic techniques, including
genomics, transcriptomics and metabolomics are capable of identifying gene
expression of proteins involved the metabolic pathways of stress response (Spurgeon
et al. 2008), allowing the development of biomarkers indicating cellular damage or
detoxification (Bundy et al. 2008; Bundy et al. 2009).

It has been proposed that an ideal sentinel species should be sedentary or
sessile, with a limited capacity to avoid exposure (Hilty and Merenlender 2000).

Limited mobility in a sentinel species would also enable high resolution studies on the

10
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effects of contamination within a given environment (Fréanzle 2006). Ecological niche
has also been recognised as important since exposure in specialised organisms could
be higher than in generalists, able to change their diet to avoid contaminated sources
(Hilty and Merenlender 2000). Sentinel species can be selected according to the
simplicity with which they can be collected in the field. Abundance within the study
area, and ease of identification are also important features (Caro and O'Doherty
1999). Ease in identifying species is also an issue, as it has been shown that even in

closely related species, sensitivity to pollutants can differ markedly (Bach et al. 2005).

1.5.1 Earthworms as sentinel species

In the field of soil ecology, many earthworm species possess the required
sentinel characteristics, and some of them are commonly used as bioindicators
(Spurgeon et al. 2003; Stiirzenbaum et al. 2009), including L. rubellus. Because of
their size, they are easy to collect and recognise as opposed to other invertebrate
bioindicator species (Mhatre et al. 1997; Paoletti 1999). The ecology of some species
has been thoroughly studied (Bouché 1972; Sims and Gerard 1999) and the key roles
they play in the soil ecosystem are well known (nutrient cycling, food webs, physical
action via burrowing and bioturbation; Lavelle et al. 1997). As soil organisms,
earthworms are in constant and intimate contact with bioavailable toxic substances
and earthworm sentinel species show sensitivity towards a wide array of soil
pollutants (Owen et al. 2008a; Brulle et al. 2010). It is not clear whether earthworms
become exposed to contaminants through water uptake from their body walls, or with
contaminated soil ingestion (Vijver et al. 2003; Morgan et al. 2004) but their ability to
accumulate very high concentrations of trace heavy metals is well documented (e.g.
Ireland 1983; Morgan and Morgan 1988; 1990; Morgan and Morgan 1998). In
particular, different studies show that L. rubellus has a high metal accumulation
capacity when compared to other common earthworm species (Edwards 1996).
Laboratory based toxicological experiments showed evidence of precise stress
response to pollutants, allowing the development of an array of biomarkers suitable
for ecotoxicological studies (Spurgeon et al. 2003; Ricketts et al. 2004). Thus,
earthworms possess many characteristics that make them ideal indicators of soil
ecosystem health, and markers of how organisms adapt, in terms of both physiology

and evolution, to changing soil chemistries (Edwards 2004).
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A very important factor for a bioindicator species is genetic homogeneity,
which should lead to homogeneity of stress response, and thus repeatability and
predictability of the toxicological essays (Erséus and Gustafsson 2009). However,
during the last few decades, genetic studies have unravelled a surprising scenario
concerning the cryptic diversity of many annelid species (Beauchamp et al. 2001;
Gustafsson et al. 2009), including earthworm sentinel species (Pérez-Losada et al.
2005; King et al. 2008).

For earthworms generally, only a few studies, concerning the genetic structure
and variability of species and populations in an ecotoxicological context, have been
published (Peles et al. 2003; Heethoff et al. 2004; Simonsen and Scott-Fordsmand
2004; King et al. 2008; Andre et al. 2009; Simonsen and Klok 2010; Anderson et al.
2013) but it is interesting to note that other invertebrates, such as collembolans
(Simonsen et al. 2004), snails (Arnaud et al. 2001) and slugs (Pinceel et al. 2005a;
Pinceel et al. 2005b), have been shown to possess genetic divergence among
populations, possible cryptic species and genetic differentiation along Cu gradients. It
is therefore possible that these different genotypes display differential responses or
susceptibilities to environmental variation, including response to contaminants
exposure (Erséus and Gustafsson 2009).

King et al. (2008) found that L. rubellus displays a very high degree of genetic
lineage diversity, with mitochondrial cytochrome oxidase II sequence divergence of
13-15%, a level considered to be representative of species-level differentiation. There
is also evidence that the distribution of different genotypes may not be uniform across
a heterogeneous metal-contaminated landscape (Andre et al. 2009; Simonsen and
Klok 2010). Early studies on cryptic variation in L. rubellus were mainly based on
mitochondrial sequences. Nevertheless, a recent study found evidence of lineage
separation also at the nuclear level, suggesting reproductive isolation (Donnelly et al.
In Press). Therefore, there could be functional genetic differentiation between
exposed and non-exposed populations, and cryptic lineages may have different
response to pollutants. Because of that, the suitability of L. rubellus as a good sentinel
species has been discussed. Anderson et al. (2013) found no evidence of differential
susceptibility to arsenic toxicity in cryptic lineages of L. rubellus, but did find
differential maturation times between juveniles, which could lead to differential
survival between lineages in extreme conditions.

As an important species for biomonitoring, the extent of L. rubellus genetic
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diversity and the degree of variation of the diverse metabolic and genetic adaptations
to pollution of L. rubellus are worthy of investigation, in order to improve our
knowledge of this species responses to contamination and thus gain a better

evaluation of this species as a tool for ecotoxicological studies.

1.6 Phylogeography and the impact of paleoclimatic changes on species
distributions

The climatic history of the European continent from the Miocene has been
characterised by numerous climatic shifts with an overall change towards the colder
climate of the Quaternary. These shifts have shaped evolutionary processes,
divergence and speciation in all European biota. Of all these periods, the genetic and
distributional impact of the Pleistocene ice ages on European fauna and flora is the
best known (Hewitt 1996; Hewitt 2000; Hewitt 2004). Although the present genetic
structure of populations, species and communities was mainly formed during the
Quaternary ice ages (Hewitt 2000), previous climatic processes, particularly bound to
oscillations in precipitations, must also have had a major impact on sedentary and
moisture-dependent species, such as epigeic earthworms. The signature of this impact
should still be detectable in their genes.

During the middle Miocene, a long dry period occurred (13 — 11 Million years
ago), followed by a “washhouse climate” interval (10.2 — 9.8 Mya), characterised by
globally warm conditions and precipitations several orders of magnitude higher than
present. A dryer climatic period, between 9.7 and 9.5 Mya was the likely cause of the
Vallesian crisis, a transition period which may have led to the extinction of hominoids
in Western Eurasia. This period was followed by a second “washhouse” episode (9.0
— 8.5 Mya) at the same time as the onset of warmer global conditions; the
precipitation level increased dramatically in Southwest Europe but was less
pronounced in Central Europe (Béhme et al. 2008). These long periods of warmer,
wetter conditions could have been favourable for soil organisms such as earthworms,
and may have formed the distribution we observe today of some widespread peregrine
species.

From this time until the beginning of the Pliocene period (5.3 Mya),
precipitation recorded for these two areas started to diverge, with Southwest Europe

being wetter and Central Europe becoming dryer than present (Bohme et al. 2008).
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Progressive cooling of the climate during the Pliocene culminated in the “ice ages” of
the Pleistocene, when climatic patterns were dominated by an approximate cycle of
100,000 years interleaved by shorter, warm interglacial periods, such as the period we
are experiencing now (Pisias and Moore Jr 1981). The Quaternary ice ages had a
marked effect on species distribution, formation and the establishment of major
intraspecific lineages of European flora and fauna (Hewitt 1996, 2000, 2004). The
most recent glacial period (the Late Devensian for the British Isles, or late
Weichselian in Northern Europe) peaked between 25,000 and 13,000 years BP.
During this period, glaciers extended as far as south as Northern France. South of the
ice line, the climate was of permafrost and tundra. While a few taxa have tolerance to
extreme low temperatures and may have survived in high mountains or ice-free
coastal refuges within the area of permafrost coverage, most soil species are sensitive
to freezing at temperatures only slightly below zero (Holmstrup 2003). Thus, these
climate changes are likely to have caused the almost complete eradication of the
temperate terrestrial flora and fauna in most of northern Europe, and it is probable that
the communities of organisms that today inhabit this area naturally have recolonised
since the last ice age.

This phenomenon may also explain the low earthworm species diversity in
Britain, compared to mainland Europe. In France, the earthworm fauna comprises 180
species (Bouché 1972), whereas only around 26 species currently exist in Britain,
either native or introduced. This scarcity of species in Britain could reflect the slow
dispersal rates of earthworms and the comparative short period of persistence of land
connections between the British Isles and the continent, when mainland Europe
species had the opportunity to colonize the UK (Sims and Gerard, 1999).

At the beginning of the Holocene period (10,000 BP), the early stages of soil
reformation would have started in all the previously frozen areas. Rapidly rising
temperatures, within a 50-year period, would have triggered secondary ecological
successions, with pioneering species inhabiting the nascent soils. After ~3.000 years,
large areas of fertile brown earth typical of temperate deciduous forest were widely
distributed (Williams et al. 1998, Roberts 1998). Most colonization was achieved in a
very rapid time frame, with oaks recorded in north Scotland within 2,000 years of ice
retreat. Entire communities may have migrated North with the retreat of the ice, and
recolonised suitable areas, or communities may have reassembled gradually from a

mixture of first arrivals from southern refugia. In Europe, these refugia were Iberia,
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Italy, the Balkans, Turkey and southwestern central Asia. A particularly common
finding is that in northern populations is usual to observe a subsample of the genetic
variation found in neighboring southern populations, and refugial areas have been
found to possess a prevalence of private haplotypes as a consequence (Hewitt 2000,
Hewitt 2004). However, in other taxa an increase in intraspecific diversity could in
principle occur, due to multiple invasions from glacial refugia. This is probably the
case of L. rubellus and other earthworm species. L. rubellus has been found to be
divided into two highly distinct genetic lineages in Britain (King et al. 2008) that may
even warrant the status of cryptic species.

Alternatively, this degree of cryptic diversity could be due to survival and
recolonisation from a northern cryptic refugium or refugia (Stewart and Lister 2001),
with consequent isolation and genetic drift between demes. There is evidence that
some widely distributed earthworm species are moderately frost tolerant (Tiunov et
al. 2006). These areas, probably characterised by buffered local microclimates, could
have been suitable environments (Stewart and Lister 2001) for some L. rubellus
demes. Earthworms could also have found suitable conditions in the vast emerged
landscapes that surrounded the British Isles from west to east, and connected them
with mainland Europe. These areas, referred as “Doggerland” in their eastern part
(Coles 1999), were colonised by humans and Pleistocene fauna, and could have
offered patches of suitable environment for some moderate cold-tolerant species. A
suggestion of survival in cryptic refugia may come from a phenomenon called the
“Lusitanian pattern” (Corbet 1961; Moore 1987; McDevitt et al. 2009), in which
haplotypes shared between Iberia and Ireland suggest the possibility of ample areas of
suitability and permeability to gene flow between these zones during the Pleistocene
glaciations (Vega et al. 2010). Alternative explanations regarding this pattern point
out to possible anthropogenic dispersal (McDevitt et al. 2011).

This study, the first for a Western Paleartic earthworm in the wider context of
north-western postglacial history, will analyze and compare the genetic diversity of L.
rubellus European populations over a wide spatial and temporal scale, thus trying to
understand how and when soil invertebrate communities may have reassembled in the
UK after the last Ice Age, and from where the recolonising populations putatively

originated.
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1.7 Phylogenomics

Phylogenetics — the character-based reconstruction of evolutionary
relationships among taxa — follows directly from Darwin’s evolutionary theory,
perfectly exemplified by the sketch of a phylogenetic tree he drew in one of his
notebooks (Darwin 1837). Today, this science relies on mathematical reconstruction
methods to infer past relationships within and among contemporary species. The
study of phylogenetics in conjunction with principles and processes shaping the
geographic distribution of genetic lineages at the intraspecific level constitutes a
branch of biological sciences called phylogeography (Avise 1998). Since the word
itself has appeared in the literature (Avise et al. 1987), the discipline knew an
exponential growth and, to date, the word gives back 44,600 hits in Google Scholar.

This growth would not have been possible without the invention of
polymerase chain reaction (Saiki et al. 1985; Mullis and Faloona 1987) and the
increased availability in commerce of thermal cycler machines which allowed
efficient data generation of genetic sequences. However, Because of the limitation of
Sanger sequencing methods, which involve sequencing of one gene at a time,
classical phylogenetic and phylogeographic studies involved the use of a relatively
small number of loci. Limits of this kind of approach have long been recognised
(Edwards and Beerli 2000; Hudson and Turelli 2003) but the labour and costs to
overcome these problems were a limiting factor for many years, until the advent of
the new, modern sequencing technologies. Rather than a single template amplified by
PCR, next generation sequencing (NGS), allows sequencing of libraries of template
DNA, regardless of platform. NGS allows the parallel sequencing of million or billion
of reads. The use of new sequencing technologies in phylogeography and
phylogenetics is increasing (Carstens et al. 2012). This wealth of data is giving birth
to a new research field, called phylogenomics. The term today describes the
intersection between evolution and genomics (Eisen and Fraser 2003). A branch of
this field is concerned with the use of genomic data to reconstruct the evolutionary
relationships between organisms. Use of genomic data can solve many of the issues
related to sample size in previous phylogenetic studies. A useful approach now
rendered possible by phylogenomics, is the use of independent sequence features for
phylogenetic inferences, such as “morphological-like” characters based on genomic

structures (i.e. oligonucleotide fragments; Philippe et al. 2005).
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In this study, a subset of individuals was sequenced with Illumina technology,
to obtain whole genome data. The aim was to explore the relationship between the
major L. rubellus cryptic lineages on a geographic and genetic distance gradient,
examining the most similar lineages as well as more distant ones. The sequences and
SNP data generated potentially allows the support of phylogenetic results obtained
with the general mitochondrial monitoring of the sampled European populations, and
also to examine demographic and evolutionary signals of divergence on an

unprecedented scale for a clitellate model species.

1.8 Species distribution modelling

Species distribution models (SDM) combine concepts from ecology and
natural history with recent advances in statistic and informatics (Elith and Leathwick
2009). The purpose of SDMs is to estimate the relationship between species
distributions over a defined geographic range, and the environmental or spatial
variables in that range (Franklin 2009).

Species distribution models can be also defined as habitat suitability models,
as they describe the capacity of a particular habitat to support species survival. In this
sense, SDMs are close to the concept of resource selection function (RSF), that
include any model which output consists of values proportional to the probability of
use of a resource unit, with the resource being a particular habitat for a particular
species (Boyce et al. 2002; Franklin 2009). SDMs predict the likelihood of an event
happening in a particular location, that is, the probability of species occurrence,
conditional on the habitat characteristics of that location (Franklin 2009).

A good SDM framework must include the following elements (Torres-Villaca
2012):

- A theoretical model, controlling for spatial-temporal patterns of the species
distribution, that takes into account different scales and the expected form of
the prediction functions;

- Geo-referenced data about species occurrence, in the form of presence-only or
presence-absence records, and GIS maps of environmental variables,

representing factors relevant for the species;
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- A modelling framework, defined by a set of rules and thresholds, with the
function of linking habitat suitability with the information provided by
environmental variables;

- A set of criteria for the validation of the models, as well as to deal with the

errors and uncertainties produced by the analysis.

The resulting map of occurrence therefore aims to predict the niche suitability
of the species. However, there are different kinds of niche concepts, and the debate on
which kind of niche that SDM infers is still open (Phillips et al. 2006; Franklin 2009;
Symonds and Moussalli 2011).

There is uncertainty whether SDM outputs reflect the realised niche, that is,
the effective niche used by the species taking into account biotic interactions
(Hutchinson 1957) or the fundamental niche, or potential distribution, which consists
in the potential niche without taking into account other effects on species distribution
and niche extent, such as biotic interactions, the effect of dispersal barriers or local
extinctions due to human activities (Hutchinson 1957). Most studies consider that
SDMs built on occurrence-only data reflect the potential niche, as they are built
extrapolating from the environmental conditions recorded at points of species
occurrence; that is, occurrence records are used to infer a statistical model of the
realised niche of the species, an environmental “hypervolume” space that describes
the realised niche, treating variables as dimensions in multi-dimensional space,
independently from the spatial dimension (Elith and Leathwick 2009). When this
model is extrapolated over geographical space, this realised niche would represent the
potential niche of the species (Araujo and Guisan 2006). However, Phillips (2006)
suggested that models based on occurrence-only data are a sample of the realised
niche in the examined environmental dimensions; thus, they should be regarded as an
approximation of the realised niche. This assumption is more realistic when taking
into consideration slow moving taxa, such as earthworms.

SDM can be informed using variables (particularly, climatic variables) related
to different time frames, to make predictions of the past or future niche of a species.
The main assumption behind this method is that the species climatic niche is stable
over time, and possible adaptive shifts of habitat preference/suitability in response to
environmental changes are non significant over the time frames considered for the

models (Nogués-Bravo 2009). However, studies indicate that for some taxa, niche
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shifts have occurred over time, mainly because of competitions with different species
and climate change (Pearman et al. 2008). However, in some cases, niche stability can
be a consequence of constraints imposed by particular environments. In particular, the
morphological stability observed in some deeply divergent earthworm lineages such
as L. rubellus, leads us to assume that the evolutionary changes between lineages may
not have had a significant impact on their environmental niche over time.

The development of SDM frameworks has been continuous during the last 20
years, and multiple methods are now available. The main division among these
methods is related to what kind of data they use. Some frameworks perform better
with presence/absence data, whereas others have been refined for the use of presence
data only. Presence/absence data surveys consist of records where both presence and
absence of the species are recorded and geo-referenced. Usually, regression methods
such as Generalised Linear Models (GLM) and Generalised Additive Models (GAM)
are used with this kind of data. Presence/absence datasets require systematic surveys,
which usually tend to be sparse and/or limited in coverage for most taxa. However,
for many species, a wealth of data is present in the form of presence-only data,
recorded mainly by museums and herbariums. These records can sometimes represent
over a century of monitoring. This bountiful source of data stimulated the
development of many SDM methods, which require presence-data only: the most
used are BIOCLIM (Eckert et al. 2008), currently implemented in the DIVA-GIS
software (Hijmans et al. 2001) and still commonly used (Budge et al. 2013; Salamone
et al. 2013), the “genetic algorithm framework™ of GARP (Genetic Algorithm for
Rule-set Production, Stockwell 1999) and the maximum entropy model implemented
in Maxent (Phillips et al. 2006; Elith et al. 2011). Recently, a method for the use of
GLM and GAM models with presence-only data has been developed. This method
converts random points on the map, so-called “background points” into “pseudo-
absence” values, to use in place of true absences in modelling construction (Phillips et

al. 2006; Hijmans and Elith 2013).

1.8.1 Maxent

So far, the most common approach that uses presence-only data to build
species distribution models is the Maximum Entropy modelling, implemented in the

Maxent software (Phillips et al. 2006). Since its release, the program has been widely
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used in SDM. Maxent calculates the probability distribution of maximum entropy,
taking into account constraints that represent the incomplete information about the
target distribution. The outcome is the probability distribution of species occurrence.
When applying Maxent to presence-only SDM:
- The pixels of the study area constitute the space on which the maxent
probability distribution is calculated;
- The pixels with known species occurrence records constitute the sample
points;
- The features are transformations of environmental variables (climatic
variables, soil features, vegetation type or other environmental variables)

usually provided in vector or raster form to the program (Phillips et al., 2006).

A very useful work describes Maxent principles and functioning using
statistical terminology (Elith et al. 2011), rather than the machine learning approach
appeared in the original description (Phillips et al., 2006). In this statistical approach,
the independent environmental variables relevant to habitat suitability can be defined
as covariates, predictors or inputs. As the answer to these variables for the modelled
species can be complex, fitting non-linear functions is the best option. This is
obtained by applying transformations to the covariates in a similar fashion to
regression. In the original machine-learning framework in which Maxent has been
described, such transformations (or set of transformations) of the original covariates
are termed features. The approach described by Elith et al. (2011) aims to model the
same quantity that is modelled with presence-absence data using presence-only data.
This quantity is the probability of presence of a species.

When compared to other SDM frameworks, the Maxent method presents some
advantages and some drawbacks (Phillips et al. 2006). The only requirements are
environmental variables and presence-only information. The environmental variables
can be continuous (e.g. temperature) or categorical (e. g. vegetation types). There is a
great wealth of online resources to obtain both presence and environmental data. The
Global Biodiversity Information Facility (GBIF, www.gbif.org) contains now more
than 400 millions of indexed presence records: the Food and Agriculture Organization
(FAO, http://www.fao.org/nr/land/soils/en/), the Global Climate Data facility
(www.worldclim.org) and many more resources provide raster maps of environmental

variables to be used for SDM. The algorithms are guaranteed to converge to the
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optimal maximum entropy distribution, which should give the best estimate possible
of habitat suitability even with small sample sizes (Phillips et al. 2006). Maxent also
gives estimates of the variables effect on the species distribution in the form of
variable response functions. The output is also continuous, enabling a fine-scale
estimation of the suitability landscape. It also has a user-friendly Graphic User
Interface (GUI) and recently, a package with Maxent functions has been implemented
in the R software (the package dismo, Hijmans et al. 2011). The disadvantages of this
approach are mainly related to the fact that is not as mature as GLM or GAM and it
has issues of inflated predictability when environmental variables’ values fall outside
the range of the studied area (Phillips et al. 2006).

Maxent is nowadays one of the most widely used tools in ecological,
evolutionary and biogeographic studies and the reason for this success probably lies
in the fact that the program has been found to outperform nearly all the other SDM
methods based on species presence (Elith et al. 2006). One of the main uses of
Maxent in the literature is the estimation of species distribution in the past (Nogués-
Bravo 2009; Vega et al. 2010; Svenning et al. 2011; Rebelo et al. 2012), in particular
during the last glacial maximum (LGM). Some other studies focused on the time span
between the last interglacial (LIG) and today (Nogués-Bravo 2009). Maxent has been
widely used with genetic approaches and it has been recognised as a valuable, user-
friendly tool for the implementation of SDM in statistical phylogeography (Richards
et al. 2007).

This study applied Maxent SDM to infer L. rubellus niche and distribution in
the present and in the last 120,000 years. The aim is to ascertain possible
Mediterranean and cryptic glacial refugia, and infer the contribution of a set of soil

and climatic variables on the current distribution of the species.
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1.9 Molecular markers

1.9.1 Mitochondrial markers

For this research, a variety of molecular markers are potentially suitable, in
order to answer questions on evolutionary history and cryptic variation of the species.
The chosen markers include neutral mitochondrial (mt) DNA loci, such as
cytochrome oxidase I (COI) and II (COII), which are used to assess the phylogenetic
and phylogeographic diversity of the species. In addition, deep intraspecific
phylogenetic signal was assessed, taking advantage of recent advances in sequencing
technology, with the aim to explore relationships at the genomic level from eight
individuals representative of the putative cryptic species complex, examining in first
instance the structure and diversity of their whole mitochondrial genomes, and a wide
array of Single Nucleotide Polymorphsms (SNPs) from their nuclear genomes.

MtDNA markers were chosen because of their putative neutrality and because
they are well-characterized for the studied species (King et al. 2008). These markers
can be applied to evaluate evolutionary rates, processes and constraints on molecular
change through time or to make inferences about population processes, systematics
and phylogeny. The mitochondrial genome of multicellular animals consists of a
closed circular DNA molecule, and its usual size range is from 14,000 to 17,000 bp,
with some exceptions (Moritz et al. 1987; Snyder et al. 1987; Wolstenholme 1992). In
fact, although some rearrangements of mitochondrial genes have been found in
different species, the overall structure, size and arrangement of genes is relatively
conserved. Animal mtDNA contains 13 protein coding genes, 22 transfer RNAs and
two ribosomal RNAs. A non-coding control region (D-Loop) contains sites for
replication and transcription initiation.

There are several reasons why mtDNA markers are so popular. Firstly,
isolating high-copy number mitochondrial loci is relatively simple, due to the
availability of a number of “universal” primers (Folmer et al. 1994; Simons et al.
1994). Secondly, despite its conserved structure, the overall evolutionary rate of
mtDNA is higher than that of the nuclear genome (Richter et al. 1988). The rate of
synonymous substitutions in mtDNA has been estimated at 5.7x10™® substitutions per
site per year (Brown et al. 1982), which is up to ten times higher than the average rate

of synonymous substitutions in nuclear protein-coding genes. The high mtDNA
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evolutionary rate may be due partly to the oxidative stress of the mitochondrial
environment, in combination with inefficient repair mechanisms, in comparison to
those acting on nuclear DNA (Wilson et al. 1985). Furthermore, mtDNA is
transmitted to the offspring by maternal uniparental inheritance, with few exceptions
(e.g. (Schwartz and Vissing 2002; Kvist et al. 2003). This implies a general lack of
recombination, as offspring inherit, in the absence of mutations, the same
mitochondrial genome of their mother. In out-crossing hermaphrodites such as
earthworms, there is simply an exchange of sperm between the breeders, but the
assumption is still valid. This is the reason why mtDNA can be seen as a single
haplotype that can be identified much more easily than nuclear lineages, which, in
sexually reproducing species, are continuously pooling genes by recombination. The
effectively clonal inheritance of mtDNA means that individual lineages can be
tracked over time and space (Freeland 2005).

However, mitochondrial markers are limited by the fact that mtDNA
effectively represents a single locus. Reconstructing population histories from a single
locus can be problematic, if that locus has been subjected to evolutionary processes
that may have given it an unusual history. For example, mitochondrial DNA can
provide a distorted view of inter- and intraspecific hybridization events. Thus, in
order to increase the level of accuracy, it is better to look for concordance with
genealogies also obtained from the nuclear genome. Analyzing nuclear data is,
however, more complicated, because recombination is common in the nuclear
genome of sexually reproducing taxa. Nevertheless, recombination can often be
detected using statistical methods (e.g. Holmes et al. 1999; Husmeier and Wright
2001; Li and Durbin 2011).

COI and COII markers are widely used to construct phylogenies. The genes
encode for the protein subunits I and II of the cytochrome ¢ oxidase complex, a
protein complex involved in the respiration chain (Tsukihara et al. 1995). This
important function implies a certain degree of conservation across phyla. For this
reason, COI was proposed to be used as a genetic barcode for species identification
(Hebert et al. 2003). The use of COI in earthworm identification has been recognised
as capable of resolving the issues related to intraspecific cryptic variation, and an
ideal tool to investigate the largely unknown biodiversity of soil animal communities
(Klarica et al. 2012; Decaéns et al. 2013). COII often used in conjunction with COI
(Roe and Sperling 2007; Jiang et al. 2013; Lee et al. 2013) also has a strong capacity
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to discriminate species and cryptic lineages in earthworm studies (Andre et al. 2009;
Fernandez et al. 2012; Klarica et al. 2012). In conjunction, the two markers provide

optimal tools for a large-scale study of L. rubellus genetic diversity.

1.9.2  Mitochondrial genomes

One of the aims of this study is to investigate the phylogenetic signal of
cryptic divergence at the whole mitochondrial level. Whole mitochondrial genome
sequences are a powerful tool in phylogenetic reconstruction. With advances in
sequencing technologies and the parallel decrease in cost-per-base, whole
mitochondrial sequences can be obtained, often as a by-product of whole genome
sequencing projects (Nabholz et al. 2010). Whole mitochondrial phylogenies can be
used to detect incongruences and improve the phylogenetic inferences obtained with
single mitochondrial genes (Duchene et al. 2011). These authors point out that
although different genes can carry out different signals, the use of less than a quarter
of the mitochondrial genome can recover the correct phylogeny, suggesting that a
proportion of the mitochondrial genes can be used to reconstruct adequate
phylogenies even in absence of the complete sequence. Complete mitochondrial
genomes are only available for a few annelids (Boore and Brown 1995; Boore and
Brown 2000; Boore 2001; Jennings and Halanych 2005; Zhong et al. 2008; Shen et al.
2011; Won et al. 2013). Only one of these sequences belongs to a lumbricid
oligochaete, Lumbricus terrestris (Boore and Brown 1995). All previous studies have
attempted to address interspecific relationships with phylogenetic reconstructions but
no mitogenomic work, to date, has tried to investigate relationships within an annelid

cryptic species complex.

1.9.3  Genomic SNPs

The mitochondrial genomes obtained in this research area basically by-
products of the whole-genome next-generation sequencing (NGS) of individuals
representative of L. rubellus genetic diversity over its distribution range. Whole
genome data from these individuals were used in order to collect a set of Single
Nucleotide Polymorphisms (SNPs) representative of L. rubellus cryptic diversity at a

deep scale. SNPs refer to single base pair positions along a DNA sequence that vary

24



Chapter 1 | General introduction

between individuals. Diploid SNP profiles can be used to genetically characterize
both individuals and populations. In the human genome, SNPs account for
approximately the 90% of genetic variation (Collins et al. 1998). The extensive use of
SNPs as molecular markers for evolutionary and phylogeographic studies was limited
for a long time because of the resources required to characterize (Lai et al. 2007;
Chen et al. 2008) and genotype them (van Orsouw et al. 2007; Van Tassell et al.
2008). However, advances in next generation sequencing technology allow today the
rapid discovery of thousands of SNPs (Li et al. 2009).

The general principles behind NGS are the following. DNA is fragmented and
libraries of fragments with a specific size are labelled with synthetic DNA adapters.
The adapters are specific for each platform, and contain primer regions to amplify the
library fragments during the process. The fragments are amplified in situ on a solid
surface or a bead containing DNA fragments covalently attached to it, with sequences
complementary to those of the adapter fragments. The amplification step allows the
replication of DNA fragments around the originally attached fragment, so that cluster
points containing a set of replicated sequences of the same fragment are formed. This
amplification allows a sufficiently strong signal for the sequencing step. Millions of
clusters, each one with a different fragment derived from the original template library
at the centre, are distributed on the device surface; in case of beads, each bead is
covered by the replicates of the original fragment. The successive sequencing step
consists of 1) a nucleotide addition step and 2) a detection step, where the identity of
the attached nucleotide is recorded at each cluster, and 3) a wash step, where
fluorescent labels and blocking groups are removed. Rather than Sanger sequencing,
where sequencing and detection are carried out as separate steps, in NGS the
processes are contemporary. Furthermore, the process allows billions of clusters to be
sequenced during runs. The denomination “massive parallel sequencing” is therefore
appropriate (Mardis 2013). Although the technologies share the same principle, they
do differ in some aspect. The technology used to generate the NGS data for this study
was [llumina® (Figure 2).

Another main difference between Sanger data and NGS data is the length of
the output sequences, also defined as read length. Sanger sequencing methods can
amplify fragments up to 900-1000 bp, whilst NGS read length usually ranges from 50
- to 250 bp for Illumina, to 700 bp for some 454 platforms (Liu et al. 2012). The
shorter length of NGS reads can be compensated by the fact that they can overlap,
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based on the shared portions of their sequences, to obtain longer fragments. However,
the low extent of shared sequence makes assemblies with short reads problematic. For
this reason, assembly of longer contiguous sequences (contigs) can be problematic

when the short-read approach is the only one taken.
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Figure 1.1 (a) Illumina library preparation. (b) Generation of clusters with bridge-amplification. (c)
Description of sequencing by reversible-dye terminators. From Mardis (2013).

A way to overcome this limit has been the development of paired-end and
mate-pair sequencing. In paired-end sequencing, both ends of a DNA fragment of less
than 1kb are ligated to two different adapters and both are sequenced, and the two
resulting reads are paired during the subsequent bioinformatic analyses, giving clear
mapping information. In mate-pair sequencing, the fragments of DNA are longer than
1kb. Instead of ligating the fragment ends to two separate adapters, both ends of the
fragment are ligated to the same adapter, circularising them. The circularised complex
DNA-adapter is then fragmented, resulting in a series of linear fragments, which
include the fragments containing the extremities of the original DNA complex, ligated
in the middle with the adapter sequence. The adapters are then biotinylated, separated
from the remaining DNA remnants and sequenced. The resulting reads are paired in

the analyses and used in assemblies in the same way as paired-end reads above, but,
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as they are representative of much longer fragments, they carry mapping information
useful for aligning much longer contigs. The issue of read length, however, will
probably be solved soon, as new technologies are constantly appearing, and the latest
advances (e.g. Pac-Bio") are capable of sequence fragments up to 22,000 bp in length
(Quail et al. 2012).

After the read dataset is generated, it can be aligned to a reference genome, if
available, carrying out whole genome mapping, using bioinformatic tools such as
BWA (Li and Durbin 2009), Bowtie (Langmead et al. 2009), SAMtools (Li et al.
2009), or CLC Genomic Workbench (CLC Bio). If no previous genomic data is
available, a de-novo sequencing pipeline is necessary. Also in this case, a wide array
of softwares is available (Miller et al. 2010). The usual criterion is to carry out
multiple test runs and evaluate de novo performance, usually using the N50 statistic
(that is, a weighted median statistic such that 50% of the entire assembly is contained
in contigs or scaffolds equal to or larger than this value; Miller et al. 2010).

The main issues regarding NGS technologies are related to the quality of the
data produced. In Sanger sequencing, the sequence obtained is usually a true
“snapshot” of the target sequence, with coloured peaks individually evaluated to
assess quality of base called. In NGS, with millions of reads generated, it is obviously
impossible. The issue is addressed by increasing the coverage (the number of reads
overlapping a portion of the sequenced genome) to decrease the possibility of
identifying false variants. Another issue is represented by highly repetitive AT-rich
portions, which can cause assembly failures in some genome portions, particularly for
some technologies (e.g. Ion Torrent; Quail et al. 2012). With the exponential increase
in data quantity generated, another limiting factor is related to the computational and
human resources needed for data analysis (Chan and Ragan 2013). The assembly of a
single large genome can be computationally expensive. Nevertheless, these
technologies are revolutionising all the study fields involving genetics, including
evolutionary biology, which is now experiencing the transition from studies based on
Sanger-sequenced single or multiple loci to the use of genomic information to study
evolutionary relationships, in the emerging disciplines of phylogenomics and

population genomics.
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1.9.4 The L. rubellus genome project

The year 2009 was the 200™ anniversary of Darwin’s Birthday, and 150™
anniversary of its most famous book. Fittingly, in 2009 an earthworm, Darwin’s
favourite creature, became a genetic model organism for soil sciences. The Lumbricus
rubellus genome project (Elsworth 2012) undertook the task to sequence and annotate
the first earthworm genome. The project built on a previous, successful Expressed
Sequence Tag (EST) sequencing project on the species transcriptome (Owen et al.
2008b), which data is available as an accessible database website (LumbriBASE) that
can be queried for similarity and annotation studies. The specimen used came from a
lineage B individual (S17) sampled from an abandoned lead mine site at Cwmystwyth
(Wales), as a part of the population examined by Andre et al. (2010) in a study of the
molecular differentiation of L. rubellus in a lead-contaminated site. The genome of L.
rubellus is estimated to be 420 Mega bases in size, and distributed over 18
chromosome pairs (Gregory and Hebert 2002). It is still unpublished, but it is
available for specific queries via request to the genome website
(http://badger.bio.ed.ac.uk/earthworm/). Once published, the genome will be a
remarkable resource for evolutionary and functional studies on oligochaete sentinel
species and invertebrates. At the moment, the genome is in a ‘high quality’ draft form
— that 1s, 90% of the genome is represented, it is clean from contaminating sequences
and it is in appropriate form for general assessment of gene content (Chain et al.
2009), but it is still highly fragmented. To be published, the genome still needs data to
scaffold the 315,000 contigs that compose its current version. This genome will be
used in this study as a reference to map genomic data from L. rubellus individuals
representative of its cryptic divergence, with the aim to assess the genomic extent of a
cryptic speciation process and, if possible, to assess past signals of demographic

change at the genomic level.
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1.10 Aims and hypotheses

The general aim of this study was to investigate the distribution and extent of
cryptic genetic and genomic variation within the L. rubellus over its native range,
assess the effect of environmental variables on the species’ distribution and
investigate the depth of evolutionary diversity in this cryptic species complex. This
PhD had the following specific goals:

1) To describe the mitochondrial genetic diversity of L. rubellus and
its distribution across its native European range to identify lineages
within the species complex;

1) To localise these lineages, identify possible Pleistocene refugia and
pathways of recolonisation;

1i1) To assess the environmental variables that have had a major impact
on its distribution;

1v) To analyse the evolutionary relationships within and among
lineages using well-characterised single mitochondrial genes and
compare these results to those using data from the whole
mitochondrial genome;

V) To further investigate cryptic diversity within L. rubellus at the

genomic level.

The following hypotheses were tested:

1) Genetic diversity in northern European populations of L. rubellus is a subsample
of the genetic diversity of southern European populations

Previous studies on patterns of genetic differentiation caused by the
Pleistocene Ice Ages showed that, as an effect of vicariance, genetic drift and post-
glacial recolonisation from southern European glacial refugia, the genetic diversity of
northern populations is commonly a subsample of the genetic diversity observed in
southern refugial populations (‘southern richness versus northern purity’; Hewitt
2000; Hewitt 2004). According to this common pattern, I expected to find a simpler
genetic structure in populations sampled north of the southern Pleistocene refugia, as
opposed to populations sampled in Iberia, Italy and the Balkans. I also expected to

find representatives of all lineages in southern refugia, where they are supposed to
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have survived during the Pleistocene and from where certain lineages recolonized
northern latitudes.

To address this hypothesis, I undertook an extensive sampling programme
over continental and insular Europe, involving collaborators from different countries.
I 1) used mitochondrial genetic markers commonly used to investigate crypticity in
earthworm species (King et al. 2008; Andre et al. 2009; Novo et al. 2010; Fernandez
et al. 2012), in a large survey to assess the distribution and extent of mitochondrial
genetic diversity of L. rubellus over the studied range, and 2) selected specimens
representative of mitochondrial clades over the considered geographic range, to

determine the extent of this diversity at the genomic level.

2) Genetic divergence of lineage A and B and possibly other major L. rubellus
lineages occurred in the Pleistocene

In previous studies regarding L. rubellus cryptic diversity, it has been
speculated that the emergence of cryptic lineages was mainly related to vicariance and
diversification processes occurring during the Pleistocene (King et al. 2008).
Demographic signatures of population fluctuations showed that both lineages
probably experienced the effect of Quaternary glaciations (Andre et al. 2009). I
expected to find evidence of the period of this split in mitochondrial data.

To test this hypothesis, a multidisciplinary analysis was taken, using 1) the
mitochondrial mutation rate consistent with previous studies with lumbricids (Chang
et al. 2008) to estimate times of divergence and 2) MaxEnt environmental niche
models were constructed regarding climatic conditions over the past 135,000 years
and 3) coalescent simulations were carried out to test alternative hypothesis regarding

survival and divergence in different refugia.

3) Climatic variables are the most important limiting factors in L. rubellus
distribution

Decades of investigations on earthworm peregrine species widely distributed
in the Holarctic zone have led researchers to conclude that climatic variables are the
main limiting factors for earthworm species (Edwards 1996). In particular, dry and
hot conditions seem to be much less tolerated than opposite extremes, with worms
found thriving at latitudes where summer precipitation levels remain high and soils

usually freeze in winter (Edwards 1996; Tiunov et al. 2006). Contrastingly, many
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peregrine earthworm species are characterised by elevated tolerance to a broad range
of soil factors usually capable to limit local life, including pH and heavy metal
pollution (Sims and Gerard 1999; (Anderson et al. 2013). I tested whether climate is
the primary limiting factor to explain past and present distributions of the epigeic L.
rubellus, and a key to understand its past patterns of isolation and survival in refugia.
To analyse this, a panel of climatic and soil variables were analysed with jackknife

and variable importance tests within the MaxEnt framework.

4) Separate mitochondrial gene trees carry the same phylogenetic signal of whole-
mitogenome trees

Mitochondrial DNA is widely accepted as a selectively neutral. The argument
sustaining this is connected to the assumptions that the translational apparatus of a
small genome is subject to less constraints than the nuclear system, which translates
many thousands mRNAs (Cann et al. 1984). Additionally, support to this neutrality
comes from evidence that the mean rate of divergence of mtDNA is 5 to 10 times
greater than nuclear DNA in many taxa, including mammals and invertebrates
(Brown et al. 1982). Therefore I expected to observe a constant phylogenetic signal
across all the mitochondrial genes, and that signal must be consistent with a
phylogeny obtained from the whole mitochondrial genome. To address this
hypothesis, I analysed and annotated eight mitochondrial genomes obtained from a
NGS experiment, with the objective to isolate genes and build different phylogenies
from each mitochondrial gene alignment using a Bayesian phylogenetic framework,
assessing distances and correlations between them using graphical (Nye 2008)

numerical (Robinson and Foulds 1981) and statistical approaches.

5) The nuclear phylogenetic and demographic signals present similar patterns to
those observed in mitochondrial data

The high degree of divergence at the mitochondrial level observed between
lineage A and lineage B (King et al. 2008), in addition to the common observed
pattern of cryptic divergence in annelids in general (Erséus and Gustafsson 2009),
have led researchers to assume L. rubellus is a cryptic species complex. Such an
hypothesis was worth further testing to explore divergence signals at the nuclear
genome level, to assess the extent of genome segregation, or possible hybridisation

events that may imply incomplete speciation (King et al. 2008). In addition, recent

31



Pierfrancesco Sechi | Ph. D. Thesis

techniques developed to exploit recombination information at the genomic level can
be used to infer past changes in population size (Li and Durbin 2011). I argue that the
cryptic speciation process regarding L. rubellus follows the same patterns at the
nuclear level as the ones observed at the mitochondrial level, and that genomic
signatures of demographic fluctuations in the past match with the ones observed in the
mitochondrial genes. To test this consistency hypothesis, eight complete genomes, in
the form of NGS Illumina paired-end reads, were mapped against the reference L.
rubellus genome (Elsworth 2012). I extracted variant SNPs from the genome
mappings and built phylogenetic trees to compare phylogenetic signals between
nuclear and mitochondrial data. In addition, pairwise sequential Markov coalescent
(PSMC) models (Li and Durbin 2011) were applied to study demographic fluctuations

in past population size at the genomic level.
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2.1 Introduction

The climatic shifts that characterized the European continent from the middle
to late Miocene, ~13 Million years ago (Mya), may have caused major changes in
species distribution, playing an important role in the divergence and speciation of
many taxa (Hewitt 2000). These climate changes were characterized by oscillations
between dry and wet phases, with a general tendency towards a colder climate
(Bohme et al. 2008). In particular, two different “washhouse” climatic intervals (10.2
to 9.8 Mya, and 9.0 to 8.5 Mya), characterized by globally warm conditions and
precipitation several orders of magnitude higher than at present (Bohme et al. 2008),
may have had a major impact on the range of species dependent on mesic
environments. This progressive cooling of the world’s climate culminated in the “Ice
Ages” of the Pleistocene, separated by warm interglacial periods with a rough cyclity
of 100,000 years (Pisias and Moore Jr 1981).

This epoch has to date been studied in more detail, as genetic signatures of the
Pleistocene glaciations have been used to assess the role of climate in the process of
speciation, wherein species disappeared over broad parts of their range, migrated to
new locations or survived in refugia (Hewitt 1996; Hewitt 2000; Hewitt 2004).
Following ice retreats, some taxa expanded their range as habitable regions became
available. These demographic changes occurred repeatedly during the Pleistocene,
and are likely to have had profound consequences for European biota (Hewitt 1996;
Hewitt 2000; Hewitt 2004).

The effects of these historical climatic shifts on soil ecosystems are likely to
have had dramatic consequences for epigeic earthworms inhabiting the surface soil
layer. Earthworms are a dominant component of the animal biomass in soils for many
habitats (Lavelle et al. 1997). They act as ecosystem engineers, playing a key role in
physically shaping soil structure, modifying and refining soil particulates and
improving aeration and drainage with their burrows (bioturbation; Lavelle et al.
1997). They are also involved in the nutrient cycle, enriching the soil by casting stable
organo-mineral structures with a low C/N ratio, thus contributing to making nitrogen
available for plant growth (Lavelle et al. 1997; Sims and Gerard 1999). Given their
continuous and intimate contact with soil, bio-geochemical soil conditions are another

limiting factor for earthworm distributions (Edwards 1996).
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Lumbricus rubellus (Hoffmeister, 1843) is a widely distributed earthworm
found in Continental and Insular Europe (Sims and Gerard 1999) and is recognizable
because of its dark-red pigmentation. It is an epigeic, out-crossing hermaphrodite
(Bouché 1972; Sims and Gerard 1999), widely used in the field of soil ecotoxicology
as a sentinel species (Spurgeon et al. 2003; Frinzle 2006; Bundy et al. 2007).
Ecological studies on this species have led researchers to hypothesize that temperature
and precipitation, more than soil characteristics such as pH and chemistry limit habitat
suitability for the species (Edwards 1996). L. rubellus is usually restricted to moist
pastures, but can survive in a broad range of soil environments, tolerating pH values
from 3.5 to 8.4 (Sims and Gerard 1999) and soils contaminated by heavy metals
(Morgan and Morgan 1988a; b; Langdon et al. 1999; Spurgeon and Hopkin 1999). An
assessment of the importance of environmental variables on the current and historical
geographic range of L. rubellus is a key to understanding the spatial distribution of
this species and its genetic variation.

It has been proposed that extant northern European populations of L. rubellus
are derived from re-colonizations from southern European glacial refugia after the
retreat of the ice sheets ~10,000 years ago (King et al. 2008). The recent discovery of
a subdivision of the species into two deeply divergent mitochondrial lineages
inhabiting the UK in sympatry (probably cryptic species; King et al. 2008; Andre et
al. 2009) could be the legacy of such re-colonization events. Alternatively, cryptic
refugia during the Last Glacial Maximum (LGM) on the coasts of Northwestern
Europe, may have served as the source of the extant but largely divergent British L.
rubellus genetic diversity. There is increasing genetic evidence that many European
thermophilic species not only survived in southern glacial refugia, separated by great
distances from the range of the glacial front, but also in cryptic northern refugia
(Stewart and Lister 2001; Stewart et al. 2010; Vega et al. 2010; Finnegan et al. 2013).

In this study, we explored the phylogeographic patterns and population history
of the L. rubellus cryptic species complex in Europe. For this purpose the
mitochondrial DNA (mtDNA) Cytochrome ¢ oxidase subunits I and II (COI and
COIl) sequences, integrated with environmental niche modeling, were used in order
to assess the spatial and temporal dimension of L. rubellus cryptic variation, and the
effect of environmental variables on the current and historic species distribution. In
particular, we investigated whether L. rubellus comprises a complex of cryptic species

across Europe, and if the two divergent lineages found in UK re-colonized from
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southern European locations. On the basis of the results of paleoclimatic modeling,
we developed alternative scenarios that could explain the current distribution of L.
rubellus. In particular, we addressed the following questions: 1) is L.
rubellus composed of more than two cryptic lineages over its range? 2) do the
northern European genetic lineages derive from southern populations that survived in

glacial refugia? 3) did the current differentiation pattern arise during the Quaternary?

2.2 Materials and methods

2.2.1 Sampling and DNA extraction

We collected 299 L. rubellus samples from across western and central Europe
during the spring and autumn of 2010-2011. Samples (227) were received from
collaborators across Europe and stored in liquid nitrogen for DNA extraction (whole
individuals for juveniles, and the posterior segments after the clitellum in adults, with
adult anterior segments including the clitellum being stored in 100% EtOH for species
identification). The remainder of the samples were stored in 70% EtOH. Precise
sampling coordinates, location and number of samples per site are provided in Chapter
6, section 6.3. Genomic DNA was extracted from tissue using the DNEasy blood and

tissue Kit following the manufacture’s instructions (QIAGEN® Hilden, Germany).

2.2.2 PCR and sequencing

A 710 bp fragment of the COI gene was amplified using the general invertebrate
primers LCO1490 and HCO2198 (Folmer et al. 1994). When PCR was unsuccessful,
an alternative 356 bp fragment of the Folmer region was amplified with the primers
LRBCOIF and LRBCOIR (Donnelly et al., in press). Specific primers designed to
amplify a 469 bp fragment of the Cytochrome Oxidase II gene (Andre et al. 2009)
were also used. All PCR reactions included ~ 100 ng DNA template, 0,25 U of
GoTaq® Flexi DNA Polymerase (Promega), 1x Green GoTaq® Buffer, 2,5 mM of
MgCl,, 0,5 uM for both the forward and reverse primers and a 0.5 mM dNTPs mix
(dATP, dCTP, dGTP and dTTP, Invitrogen, UK) in a 20 pl final reaction volume. PCR
conditions had an initial denaturing step at 95 °C for 5 min, followed by 35 cycles of

95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, and a final elongation step at 72 °C
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for 10 minutes. PCR products where cleaned with Biolabs Exonuclease 1 (20,000
U/ml) and Promega Shrimp Alkaline Phosphatase (1 U/ul) following the
manufacturer’s protocol. PCR products were sequenced using the ABI PRISM BigDye
v3.1 Terminator kit (Applied Biosystems, USA - 4337458) on an ABI PRISM 3100
automated DNA analyser, Molecular Biology Support Unit. Raw sequences were
confirmed using Sequencher 4.9 (Gene Codes Corporation) and aligned using Mega

v5.0 (Tamura et al. 2011).

2.2.3  Population analyses and demographic inference

Summary statistics (Haplotype diversity - £ and nucleotide diversity averaged
over all loci - 7) on the concatenated dataset were calculated using ARLEQUIN v3.5
(Excoffier et al. 2005). Pairwise estimates of the nucleotide sequence divergence
within and among clusters were calculated in MEGA 5 (Tamura et al. 2011) using the
Kimura-2 parameter model (Kimura 1980; King et al. 2008). The minimum number of
mutational steps between L. rubellus haplotypes was estimated based on the
concatenated dataset using TCS v.1.21 (Clement et al. 2000). A Bayesian analysis of
population structure using BAPS v.6.0 (Corander et al. 2008) was carried out to infer
the most probable number of clusters in the data. Three independent analyses were
performed to assess convergence of the results, using as prior upper bound vector
between 6 and 20.

Inference of demographic history was assessed with mismatch distributions
(MD) (Harpending 1994) in ARLEQUIN v3.5 (Excoffier et al. 2005). The deviation of
the observed data from the exponential null model was determined with Harpending’s
Raggedness Index (RI) and the Sum of Squared Deviations (SSD). A total of 1,000
simulations of the model were carried out to define the 95% confidence intervals (CI)
of RI, SSD and the model parameters. Tajima’s D (Tajima 1989b) and Fu’s F (Fu
1997) were also calculated as these statistics are normally more sensitive to
demographic changes. Additionally, Bayesian skyline plot (BSP) analyses were
carried out using BEAST v1.7.5 (Drummond and Rambaut 2007) based on each
cluster as identified in BAPS. These analyses were run for 10’ generations, but for
some clusters more iterations were necessary to reach an Effective Sample Size (ESS)
over 200 for all parameters. All the runs implemented a HKY model of evolution with

four rate categories. Convergence of the runs was evaluated using Tracer v1.5.0
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(Rambaut and Drummond 2007). The molecular clock was calibrated using the per-
lineage mitochondrial mutation rate estimated for the megascolecid Metaphire (0.024
substitutions/My™") (Chang et al. 2008), as this rate is consistent with other lumbricid
levels of genetic divergence for COI and COII (Perez-Losada et al. 2011).

2.2.4 Phylogenetic analyses and divergence time

The model of sequence evolution for both genes was calculated using
MrModeltest v.2.3 (Nylander 2008). A Maximum Likelihood (ML) phylogeny was
estimated using PhyML (Guindon et al 2010), with a Bayesian-like transformation to
estimate branch support (Anisimova et al 2011). Additionally, a Bayesian phylogeny
was estimated using MrBayes v3.2.1 (Ronquist et al. 2012). This analysis consisted of
two independent runs of four chains each for 5 x 10° generations, discarding the initial
25% as burn-in and sampling trees and parameters every 100" generation. The
convergence of the runs (SD of split frequencies <0.01) was checked using the
MrBayes diagnostic. Sequences of L. terrestris (JN869943.1 — COI and JN869610.1 -
COII) were used as an outgroup.

Estimating divergence times between different lineages of L. rubellus, and for
earthworms in general, is problematic, as no fossil records are available. Novo (2011)
calibrated the divergence between cryptic species of the Hormogastridae complex
using the split between the Sardinian microplate and the Iberian Peninsula (~ 33 Mya).
However, such vicariant events could not be linked to this study as Continental Europe
and the British isles have been a geologically stable environment for the last 10 My.
Consequently, we dated our lineages according to the substitution rate described above
by implementing the software BEAST v1.7.5 (Drummond et al. 2012). An analysis
using a relaxed lognormal clock model was carried out for 2 x 10® iterations,
consisting of 20 runs of 10’ steps each, sampling every 10’ iterations and with a burn-
in phase of 20%. The resulting log files were combined with LogCombiner
(Drummond and Rambaut 2007) and checked for ESS wvalues above 200 and
convergence of all parameters. The combined tree files were thinned with
LogCombiner, to obtain a final dataset of 10,000 trees on which maximum clade

credibility intervals and a consensus tree were estimated using TreeAnnotator.
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2.2.5 Species and paleodistribution modelling

The extent of potential distribution for the species during present and past
environmental conditions was assessed with the maximum entropy statistical method
implemented in the software MaxEnt v.3.3.3 (Phillips et al. 2006; Richards et al.
2007). The aim was to 1) model the environmental niche of L. rubellus using data
from weather measurements from a recent time interval (1950 to 2000), during the
Last Glacial Maximum (LGM; ~21,000 Ybp) and during the last interglacial period
(Eemian stage or LIG, ~120,000 — 140,000 Ybp), and 2) to build a framework to
identify potential past population refugia. These models were used as alternative
genealogical hypotheses to explain the current distribution of L. rubellus lineages in
Europe.

The MaxEnt approach allows the modeling of species distribution by estimating
the density of environmental covariates (precipitation, temperature etc.) depending on
presence data (Franklin 2009). The data necessary for the MaxEnt modeling was
compiled by integrating L. rubellus sample occurrences used in this study along with
2152 geo-referenced occurrences for L. rubellus downloaded from the Global
Biodiversity Information Facility (GBIF, http://www.gbif.org). Duplicates were
removed from the data, and the occurrence points were subsampled in order to limit
the possibility of sample bias. For this purpose the study area was divided in a raster
grid of 1 degree (approximately 90 x 110 km) and it was re-sampled by allowing a
maximum of one sample per degree with R (R Developement Core Team 2013). The
reduced dataset consisted of 146 points across the continent. After the addition of the
33 sampled points from this study, the final dataset consisted of 179 points across the
study area (Figure 2.1).
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Figure 2.1. Plot of the presence data used for species distribution modelling in MaxEnt. Each blue dot
represents a single occurrence point. The dataset combines the GBIF occurrence points, cleaned for
duplicates and re-sampled to avoid bias, and the coordinates of the samples collected for this study, in a
total of 179 occurrence points.

A total of 19 bioclimatic variables (Table 2.1) relative to the present day
conditions (Hijmans et al. 2005), the LGM (from the CCSM and MIROC climate
models; Collins et al. 2006; Otto-Bliesner et al. 2006) and the LIG (from the MIROC
climate models; Otto-Bliesner et al. 2006) were downloaded from the
www.worldclim.org website to construct present and paleodistribution models of
habitat suitability for L. rubellus. These rasters comprised variables obtained by
different combinations of temperature and precipitation over different time frames
(year or quarter of year), with the aim of obtaining biologically meaningful variables
for niche modeling. A second present day model was constructed to evaluate the effect
of soil variables on the environmental niche modeling. For this model, five additional
global topsoil variables were downloaded from the FAO Geonetwork database

(http://www.fao.org/geonetwork/srv/en/main.home), namely: 1) topsoil organic carbon

pool, 2) topsoil nitrogen percentage, 3) topsoil cation exchange capacity, 4) topsoil

carbon/nitrogen ratio and 5) topsoil pH. Maps were clipped and re-projected to the
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desired spatial extent and resolution using Quantum GIS v.1.8 (Developement Team
2009) and command line tools within the Geospatial Data Abstraction Library
(GDAL; Warmerdam 2008). The contribution of each variable to explain the species

distribution was evaluated with a jackknife test implemented in MaxEnt.

BIO1 = Annual Mean Temperature

BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp))
BIO3 = Isothermality (BIO2/BIO7) (* 100)

BIO4 = Temperature Seasonality (standard deviation *100)
BIOS5 = Max Temperature of Warmest Month

BI06 = Min Temperature of Coldest Month

BIO7 = Temperature Annual Range (BIO5-BIO6)

BIO8 = Mean Temperature of Wettest Quarter

BIO9 = Mean Temperature of Driest Quarter

BIO10 = Mean Temperature of Warmest Quarter

BIO11 = Mean Temperature of Coldest Quarter

BIO12 = Annual Precipitation

BIO13 = Precipitation of Wettest Month

BIO14 = Precipitation of Driest Month

BIO15 = Precipitation Seasonality (Coefficient of Variation)
BIO16 = Precipitation of Wettest Quarter

BIO17 = Precipitation of Driest Quarter

BIO18 = Precipitation of Warmest Quarter

BIO19 = Precipitation of Coldest Quarter

Table 2.1. List of the bioclimatic variables available on the www.worldclim.com database for the
present, the Last Glacial Maximum (LGM) and the Last InterGlacial (LIG). A quarter represents ¥4 of
the year.

Three different model runs were carried out: the present distribution model of
the species and the related LGM and LIG projections were analyzed with a
“subsample” replicate run type in MaxEnt. Ten replicates of the analyses were carried
out where 75% of occurrence data was used as training data and the remaining 25% as
test data with default parameters. The inferred niche models were visualized as maps
and habitat suitability was expressed as a color log scale, where a higher probability
was represented by a warmer color (i.e. closer to red). Model performance was

evaluated by an estimate of the Area Under the Curve (AUC) of the Receiving
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Operating Characteristics (ROC). ROC measures the ability of the prediction to
discriminate between the species presence and absence (Elith et al. 2010). AUC values
range between 0.5 (the model performs as a random variable) and 1 (the model can
reliably discriminate between suitable and unsuitable points in the landscape). A
Multivariate Similarity Surface (MESS) analysis and the Most Dissimilar Variable
(MoD) analysis were used to assess the reliability of the projection of the present day
model to the past and to evaluate the sustainability of the model, respectively.
Descriptions of the evaluation methods of model performance (standard deviation,

AUC, MESS and MoD maps) are in Chapter 6.

2.2.6  Phylogeographic modelling

Phylogeographic hypotheses explaining the European distribution of genetic
variation in L. rubellus were tested. For this purpose a set of samples for the
concatenated COI and COII genes was selected, and the following summary statistics
were calculated using Arlequin v3.5 (Excoffier et al 2005): 8y (Chakraborty and Weiss
1991), Tajima’s D and © (Tajima 1989a; b). Three alternative genealogies reflecting
different phylogeographic origins of the extant genetic diversity (Figure 2.7) were
simulated with the software ms (Hudson 2002). Times of divergence were expressed
as generations/0y/[, assuming a generation length of 1 year as expected from field
observations for L. rubellus (Edwards 1996) and the Metaphire p rate of 2.4%
substitutions/year (Chang et al. 2008). A total of 1000 simulations were carried out for
each phylogeographic model parameterized by 6g (the estimation of the 4Nep
parameter using the proportion of segregating sites; Watterson 1975), the number of
segregating sites and the times of divergence between lineages. Each simulation was
summarized as observed data, and the quantile at which the observed data occurs in
the distribution of simulated summary statistics was calculated in R. Models were
rejected if the observed summary statistics were found outside the 95% CI of the

simulated statistics.
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2.3 Results

Both sequences (COI and COII) were amplified in 297 individuals combined
sequence length was 828bp (428 from COI and 402 from COII). The concatenated
dataset was used for all analyses. Among the 297 individuals, 125 haplotypes were
found from 305 segregating sites. The average haplotype diversity (h) and nucleotide
diversity in the whole dataset was 0.97 (SD = 0.005) and 0.08 (SD = 0.003),
respectively. The Bayesian analysis of population structure using BAPS inferred 11
clusters in the data with a posterior probability of 0.99 (Figure 2.2). However, as one
of the clusters was characterized by only two samples and thus was not suitable for
population-based inferences (Lineage I), we did not include it in most analyses. The

distribution of genetic variation in these clusters is shown in Table 2.2.

N h T

Al 76 20 0.0113 +/- 0.006
A2 42 27 0.0191 +/- 0.01
A3 67 11 0.01 +/- 0.005
C 17 17 0.0122 +/- 0.007
D 9 5 0.0063 +/- 0.004
E 7 7 0.0865 +/- 0.049
B 31 18 0.0068 +/- 0.004
F 26 6 0.0084 +/- 0.005
G 11 9 0.0332 +/- 0.018
H 9 3 0.015 +/- 0.009
I 2 2 0.0061 +/- 0.007
Total 297 125

Table 2.2. The number of individuals (N), haplotype (%) and nucleotide diversity (z) averaged per locus
followed by standard deviation values for each cluster.
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Figure 2.2. Left: Maximum-likelihood tree based on the two gene fragments amplified for L. rubellus
(COI and COII); right: BAPS clustering solutions. Bayesian-like transformation of approximate
Likelihood Ratio Test values (Anisimova et al. 2011) followed by posterior probabilities over 0.5 are
shown on each branch. BAPS cluster solutions on the right reflect the tree topology with a few
exceptions denoted by arrows, pointing out mismatches between phylogenetic and BAPS structure.

2.3.1 Phylogenetic and population structure analysis

The model of sequence evolution inferred for each gene was the General Time
Reversible model with a linked Gamma function for the rates (GTR+G), and for COI
additionally a parameter of invariant sites (I) was inferred. As both genes presented a
similar model of evolution we concatenated these genes for all phylogenetic analyses

and the combined dataset was analyzed under a GTR+G+I model of substitution. The
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Bayesian and ML phylogenetic analyses resulted in eleven lineages that recapitulated
the BAPS results (Figure 2.2). However, in the phylogenetic analysis, Lineage E was
polyphyletic, and one haplotype of Lineage G grouped with Lineage H. The
individuals within Lineage E comprised mostly examples of various divergent
lineages only represented by a few individuals that were clustered in BAPS as one
group. Lineage B was monophyletic and basal to all other lineages.

Sequence divergence values (based on the Kimura-2-parameter model)
between lineages ranged between 2.8% (between Lineage A2 and Lineage A3) and
17.05% (between the Lineage I and Lineage D; Table 2.3). Within group divergences
ranged from 0.8% in lineage D to 9% in lineage E, the latter value supporting the
hypothesis that this is a polyphyletic lineage consisting of multiple independent
lineages rather than a monophyletic clade. Lineages A1-A2-A3 were monophyletic
with a maximum degree of divergence of 4.2%; C-D-E and F-G-H formed
reciprocally monophyletic clades, but with much higher degrees of inter-linecage

divergences (~ 10% and 14% respectively for the two clades).

Al A2 A3 C D E B F G H I

Al 0.017

A2 0.041 0.021

A3 0.042 0.028 0.016

C 0.105 0.113 0.114 0.012

D 0.119 0.109 0.106 0.105 0.008

E 0.112 0.108 0.104 0.107 0.089 0.095
B 0.153 0.146 0.139 0.161 0.158 0.156 0.008
F

G

H

I

0.152 0.144 0.142 0.147 0.144 0.143 0.145 0.035

0.148 0.142 0.137 0.159 0.141 0.147 0.142 0.135 0.04

0.145 0.135 0.129 0.157 0.147 0.138 0.143 0.136 0.102 0.051
0.167 0.167 0.158 0.164 0.175 0.173 0.158 0.171 0.154 0.155 0

Table 2.3. Estimates of Evolutionary Divergence over Sequence Pairs between (low diagonal) and
within (on diagonal, in bold) Groups. The numbers of base substitutions per site from averaging over
all sequence pairs between groups are shown. The model used for the analyses was Kimura -2
parameter.

The geographic distribution of the mitochondrial lineages is depicted in Figure
2.3. Lineages Al to A3 and Lineage E were found to be widely distributed across
Europe, while Lineages C and D were restricted to the Balkans. Lineages G and H
were restricted to Germany and Austria, while Lineage F was only present in Spain.

Lineage B was only found in the UK.
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Figure 2.3. Geographic distribution of samples according to their mitochondrial lineages. The areas of
the pie charts represent the number of samples collected in each location.

2.3.2 Divergence time estimates

The divergence between the L. rubellus species complex was estimated as
starting between 5.68 and 2.99 Mya, with Lineage B being the first to diverge, the
most basal and the direct descendant of the MRCA of all the lineages. The split
between the monophyletic group of Lineages A1-A3 and the other group of Lineages
C, D and E was estimated at 3.83 to 2.1 Mya, diversification within Lineages F-H at
4.21 to 1.78 Mya. The divergence between L. rubellus and L. terrestris was estimated
to have occurred 6.27 to 2.99 Mya, as ancient as the split between Lineage B and the

other lineages. Estimates of divergence times are found in Figure 2.4.
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Figure 2.4. Ultrametric tree representing divergence times in the main clades under a Yule speciation
process. Results are shown in millions of years (95% confidence interval).
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Demographic history

Lineages A3, D, E, F, G and H all showed multimodal frequency distributions of
pairwise nucleotide differences characteristic of demographically stable populations.
Lineage A3 showed a ragged multimodal MD (Chapter 6, Figure 6.2), a stable BSP
over the last 300,000 years (except for the last 25,000 years, when a decline in
population size has been observed), and a positive Fu’s F (Table 2.4). Similarly, the
BSP of Lineage D showed a similar pattern (Chapter 6, Figure 6.3). Contrastingly,
Lineage E showed evidence of a slow increase in population size starting 250,000
years ago until reaching a stable demography for the last 125,000 years (Chapter 6,
Figure 6.3). With the exception of a bottleneck during the last 10,000 years, Lineage F
showed evidence of a stable population demography during the last 900,000 years
(Figure 6.4). The BSP of Lineages G and H suggested stable demographies over the
last 400,000 and one Million years, respectively (Chapter 6, Figure 6.5).

A consistent signature of demographic expansion (MD, BSP) was, however,
found in four lineages (Al, A2, C and B), two of which are distributed throughout
Europe. For Al and A2 the MD (RI 0.01 and SSD p-value > 0.05 for both lineages;
Table 2.4) and BSP analyses supported an expansion 300-350,000 years ago during
the Holstenian (northern Europe) second interglacial period (Richmond and Fullerton
1986). In addition the MD and BSP graphs also suggested a bottleneck signature at
around 10,000 years ago (Chapter 6, Figure 6.1). The BSP for Lineage C suggested a
demographic increase approximately 200-300,000 years ago, followed by an increase
in population size towards 60,000 years ago (Chapter 6, Figure 6.2). The bimodal MD
of Lineage B could be an indication that this lineage is subdivided (Chapter 6, Figure
6.4); the demographic parameters R and SSD indicated an expansion event. Similarly,
the BSP showed that a population expansion event started ~25,000 years ag, during the
LGM.
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Lineage IT)aJImaS P Fu'sFs P SSD P R P

Al 1199 0.095 0.686 0.622 001 013  0.019 0.05
A2 0925 0.177 -3.848 0.105 0.007 0.08  0.008 0.12
A3 0532 0331 5478 0934 0168 0.17 0112 0.12
C 0967  0.168 -9.326 JONN 0.004 086 001  0.94
D -0.547 0307 131 0749 008 026 0138 036
E 0474 0707 0544 0351 0031 03  0.062 033
F 2331 [0002W 7.133 0989 0.069 0.13 0366 0.52
B 0728 0238 -5565 0.021 0.3  0.022 0.029 0.54
G 0936  0.157 1361 0704 003 07 003 0.76
H 2024 [0 841 0999 0.051 024 0255 0.2

Table 2.4. Tajima’s D, Fu’s Fs, SSD and Harpending’s R, with their relative P values, are reported.
Significant values are highlighted in orange.

2.3.3  Environmental niche modeling: current distribution

The MaxEnt model for the current L. rubellus distribution was consistent with
the current distribution of the species, including its sparsely populated distribution in
the South-Central parts of the Iberian Peninsula and France (M. Novo, pers. comm.)
(Figure 2.6a). A discrepancy between the observed and expected distribution was in
the model’s estimated null habitat suitability for extreme North-eastern part of Europe
where the species has recently been described as invasive (Tiunov et al. 2006). The
average AUC for the current distribution across 10 replicates performed better than the

random model, with an average of 0.93 for the training data and 0.87 for the test data.

2.3.4  Paleodistribution modelling

The two LGM climate models gave different results in terms of habitat
suitability for the species. The model applied to the CCSM environmental variables
(Figure 2.5b) showed habitat suitability mainly across a landscape including the
Iberian Peninsula’s North-western Atlantic coastline, extending eastwards towards the
Pyrenees and northwards towards Ireland’s western seafloor, a landscape covered by
tundra during the LGM (Ray and Adams 2001). The other European glacial refugia
(i.e. the Italian Peninsula and the Balkans) showed low habitat suitability under this

model. Remarkably, a suitable area in the South-western part of the black Sea (modern
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day Georgia and the Russian Federation) was found where the species has previously
been deemed invasive (Global Invasive Species Database 2013).

The MIROC LGM environmental variables model rendered a larger habitat
suitability area (Figure 2.5¢) spanning across Central Europe. This distribution reflects
the taiga-tundra that once covered this area, south of the ice sheet threshold and the
frozen desert (Ray and Adams 2001). When compared to the CCSM, the MIROC
model showed higher habitat suitability also with the southern glacial refugia, were the
habitat in South-western Spain and the Pyrenees appears extended and the niche
suitability range over the Italian Peninsula and the Balkans was significantly higher
than in the CCSM model.

The habitat suitability MIROC model at the time of the LIG depicts a scenario
of a northward shift of the species niche (Figure 2.5d). During this period patches of
suitability are inferred for northern Spain, while its southern range featured a great
reduction in niche probability compared to both the LGM and the current models.
Contrastingly, the most suitable areas during the LIG were Brittany, the British Isles
and northern Scandinavia. The MESS and MoD analyses, described in detail in
Chapter 6, section 6.2, showed that for the CCSM model, some variables were out of

range over great part of the studied area.
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Figure 2.5. MaxEnt models of Lumbricus rubellus habitat suitability across Europe. Warmer colours
represent higher habitat suitability. Values from 0 to 1 are an estimation of the probability of species
presence. A) Species distribution model of present time; B) Paleodistribution model of the last glacial
maximum (~21,000 years ago), according to the CCSM paleoclimatic model; C) Paleodistribution
model of last glacial maximum, according to the MIROC paleoclimatic model; D) Paleodistribution
model of the last interglacial (Eemian stage, ~120,000-140,000 years ago), according to the MIROC
model.

69



Pierfrancesco Sechi | Ph. D. Thesis

2.3.5 Variable contribution

The most significant variables in the MaxEnt model were annual temperature
range (BIO7; 26.6%), maximum temperature of the warmest month (BIOS; 14.6%),
precipitation in the driest quarter (BIO17; 13.7%), precipitation in the driest month
(BIO14; 13.5%) and mean temperature in the coldest quarter (BIO11; 6.8%). All the
other variables contributed less than 5% to the model. The MaxEnt jackknife test
showed that annual temperature range was the most important variable when used in
isolation, while mean temperature in the driest quarter, was the most important
variable for the test when the exclusion of a single variable at a time was employed
(Figure 2.6 and 2.7 a,b). Hence, these two climatic variables seem to carry the most
important information explaining the species’ past and present distributions. The
model evaluation of the importance of soil factors (Edwards 1996) on the species’
distribution and the jackknife test (Figure 2.7c) showed that the five soil variables
contributed very little to the model (less than 1.2% and a maximum AUC of 0.67,
respectively). Thus, the effect of precipitation and temperature was inferred to have a

greater impact on L. rubellus distribution than soil conditions.
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Figure 2.6. Plots reporting the effect of the most important variables on niche prediction. Each curve
represents a Maxent model created using only the corresponding variable. The red line represents the
mean, and the blue areas the standard deviation between the runs. The plot evidences how the variable
contributes to the niche model across its range. The variables shown are estimates related to
temperature (BIO7: temperature annual range; BIO9: mean temperature of the driest quarter; BIO4:
temperature seasonality) and precipitation (BIO17: precipitation of the driest quarter; BIO14:
Precipitation of the driest month; BIO12: annual precipitation). Where the temperature variables show
higher suitability on the center-left part of the distributions, the precipitation variables show the
opposite, where areas with highest precipitation values across the year achieve the highest suitability
probability. See table 2.1 for a complete list of bioclimatic variable labels.
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Figure 2.7. Jackknife test of variable importance. Blue bars correspond to contribution of the variable
to the gain when used in isolation; green bars show the decrease in gain when the variable is missing.
A: jackknife results on regularized training gain; B: jackknife results on the gain obtained considering
only test samples. C: Jackknife test of a combination of bioclimatic and soil variables. Soil variables
show very little contribution to the model construction; the most important soil variable, cation
exchange capacity, increases the AUC of only 1.5 from the random value. See table 2.1 for a complete
list of variable labels.

2.3.6  Phylogeographic modelling

Three different phylogeographic hypotheses were tested using coalescent
simulations. The coalescent simulations were built on a subset of the individuals
(n=127) representing only five of the original 11 clusters: Lineage A2 (n=42;
representing the monophyletic Lineages A1-A2-A3), Lineage C (n=17; representing
the Balkan lineages), Lineage G (n=11; representing a potential German refugium),
Lineage F (n=26; representing the Iberian refuge), and the British Lineage B (n=31).
The hypotheses tested differed from each other in the timing at which lineage
divergence took place. Under Hypothesis 1) the ancestral lineages to B, the F and G
clade, and the A clade started diverging form their ancestral population () 4.5-5 Mya.
At the beginning of the Quaternary, the lineages F and G diverged from their common
ancestor (y: 3.2 Mya), followed not much later by the divergence between lineages A2
and C from their common ancestor (a: 2.9 Mya). Contrastingly, the other two
hypotheses consisted of a simultaneous radiation of the five lineages at either
(Hypothesis 2) the beginning of the Last interglacial or (Hypothesis 3) 4.5-5 Mya. The
summary statistics (Oy, D and m) calculated using the observed data and their 95% CI

for the simulated data under the three alternative hypotheses are shown in Table 2.5.
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The second and third hypotheses were rejected as the observed summary statistics
were significantly smaller than the 95% CI of the simulations under the corresponding
scenarios (Figure 2.8). In contrast, the observed data statistically supports the first
phylogeographic hypothesis as all summary statistics of the observed data occurred
within the 95% CI of the simulated data. Consequently, an initial divergence of 3-5
Mya of ancestral lineages followed by a final diversification close to the 2.58 Mya

best explained the observed data.

Hypl Hyp2 Hyp3
Empirical
Statistic Value 5% <CI<95% 5% <CI<95% 5%<CI<95%

05 45.6 - - -
s 81.6 78.39 - 83.81 70.93 - 76.58 73.88 - 78.48
On 27.56 27.31-32.92 20.96 - 25.45 21.77 -25.31
D 2.6 2.37-2.76 1.83-2.24 2.04 -2.37

N. Pol. sites 247 - - -

Table 2.5. Coalescent simulations. The values of the summary statistics of the restricted dataset are
shown in column 2. Columns 3 to 5 report the confidence interval for each statistic in the 3 different
coalescent hypotheses. Hypotheses 2 and 3 are rejected because the empiric values fall outside the CI.
0s and the number of polymorphic sites were used as an input parameter for all the simulations.
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2.4 Discussion

In this study, we investigated the phylogeography and population structure of the
L. rubellus cryptic species complex across FEurope. Eleven well-supported
lineages/clusters were identified according to both phylogenetic and population
structure analyses. Some of these lineages showed clear geographical patterns that
were widely distributed across the continent (A1-A2-A3 and E), while others represent
deeply divergent localized lineages and probably descend from refugial populations
(C, D, B, F, G, H). These localized lineages are the most divergent ones, separated
from the A1-A2-A3 cluster with a minimum of 10.5%. Divergence time estimates
point out to a contrasting history between these lineages with the oldest divergence
occurring at ~6 Mya and the later divergences during the Pleistocene. Some lineages
associated with refugia showed signatures of stable demographics, as well as
expansion events possibly linked to the shifting climatic conditions of the Pleistocene.
Environmental niche modelling confirmed the current species distribution pattern and
inferred likely suitable areas for the species during the last glacial and interglacial
phases. An assessment of the effect of environmental variables on species distribution
in the SDM framework suggested that climate, as opposed to soil conditions, is the
limiting factor for the species distribution, confirming past studies regarding the
general preference of earthworm peregrine taxa for cold and wet climates (Nordstrom
and Rundgren 1974; Edwards 1996; Tiunov et al. 2006).

The distribution of lineages in combination with divergence time estimates,
suggested three main radiations, i.e. the radiation that resulted in Lineages A1-A3 and
the C-D-E lineages (3.83-2.1 Mya, during the Pleistocene), the radiation that
originated in the F-G-H refugial populations (4.2-1.78 Mya), and the one that gave rise
to the contemporary lineage B. Lineage B appears to be the direct descendant of the
common ancestor of all current lineages, with a divergence age as old as the split
between L. terrestris and L. rubellus, 1.e. 6.27 to 3.07 Mya. Thus, the data suggest an
ancient split and consequent isolation between what must now be regarded as separate
species (Donnelly et al. In Press). Once the lineages were disconnected from each
other, they became characterized by independent species demographic histories and
deep divergences. Consistent with this hypothesis, we found a mixture of signatures

demographic history in the various lineages for the recent past. Most lineages were
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probably already well defined at the time of the LIG (as reflected by sequence
divergences between 1.7% and 17.5%) and survived in the same areas where they are
found today. The stable population sizes detected by BSP analyses for Lineages F
(Spain), G, H (Germany and Austria), and D (Balkans) confirmed this expectation and
suggested that stable conditions were a constant feature for more than just the last
glacial stage (e.g. a stable population size is inferred for Lineage F for the last 900
Ky). The only refugial population, other than Lineage B, that showed a signature of
expansion was Lineage C (Serbia). This expansion dates back to the last glacial stage
and is consistent with survival in a suitable area such as a southern European
refugium, where expansion signatures could be due to the opening of new
environments. The paleo-distribution models support such a scenario, although they
can only infer habitat suitability for the last 135 Ky. Nevertheless, our results
supported the likely survival of most of the reciprocally divergent lineages in refugial
areas during the LIG and LGM. While some lineages clearly showed a survival pattern
in southern European peninsulas, confirming the classical pattern of survival in
Mediterranean refugia (Hewitt 2000; Schmitt 2007), others lineages presented
distributions and demographies pointing out to survival in cryptic refugia (Stewart and
Lister 2001).

The LIG niche distribution model predicted areas of suitability close to the
postulated refugia, even though in some areas, the suitability was greatly reduced (i.e.
the eastern Alpine range - Lineages G and H; the northern Iberia - Lineage F; Brittany
and the British Isles - Lineage B). The model only fails to predict suitability for the
Balkans, but for this region the MESS and MoD maps indicated that the range of the
most important variable in the analysis (annual temperature) was out of range for that
area (Chapter 6, 6.9) and thus predictions of the Balkans for the LIG could not be
resolved. Nevertheless, with its patterns of suitability shifting towards the north, the
LIG SDM is concordant with what is known about the late Eemian stage, most
remarkably the occurrence, in its last 400 years, of a dry period that affected central
Europe just before the beginning of the last Ice Age (Sirocko et al. 2005).

The two LGM models differed greatly in terms of output concerning central
Europe. Nevertheless, both allowed inference that some of the lineages could have
survived in the southern European glacial refugia. In addition, the LGM MIROC
model showed a vast area of suitability corresponding to the tundra that occupied the

centre of Europe during the LGM. Currently Lineages A1-A3 are found at northern
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latitudes and are therefore moderately cold tolerant. Thus, it is likely that the Lineages
A1-A3 survived in this geographic area, as testified by the signatures of expansion
over the last 300 Ky for Al and A2. Lineage A3 seems to have been demographically
stable over this period of time. This is consistent with previous evidence of central
European refugia, where temperate species could have survived, sometimes in co-
occurrence with cold adapted Pleistocene Fauna. Using mitochondrial markers and
species distribution models, Vega et al. (2010) found evidence of areas of suitability
consistent with the survival of mitochondrial haplotypes private of northern and
central Europe in the pigmy shrew (Sorex minutus). Further expansions after the
retreat of the ice probably led to the re-colonization of other parts of the northern
range, such as Poland and Scandinavia. The land bridge that connected Britain and
continental Europe until ~8,000 years ago was most likely the path through which
Lineages Al1-A3 re-colonized Great Britain as previously suggested for other
lumbricid species (Sims and Gerard 1999). An alternative explanation for the
widespread distribution of Lineage A in Europe and in the British Isles could be due to
anthropogenic crop and soil movement (Edwards 2004). The MIROC model also point
out to a possible alternative cryptic refugium for the C and D lineages, considered
Balkan according to classical signatures of recolonisation from southern refugia. The
Carpathian basin is indicated as a cryptic glacial refugium according to recent studies
on the bank vole (Clethrionomys glareolus, Kotik et al. 2006) and temperate
deciduous plants (Willis and van Andel 2004; Magri et al. 2006).

The environmental variables tested in MaxEnt identified precipitation and
temperature as the most important limiting factors for L. rubellus distribution as
opposed to topsoil conditions. These results can be strongly linked to the species’
ecology. Epigeic worms live in the upper 30 cm of the soil litter and consequently are
heavily exposed to climatic elements (Bouché 1972). Therefore, past climate
conditions are the key to underpin this species’ past geographic distribution, as well as
the range history of similar lumbricid species. According to previous studies, many
lumbricid species are likely share to various degrees the same sensitivity of L. rubellus
to climatic variables (Edwards 1996). Therefore, SDM may be an essential tool in
future large-scale studies concerning earthworms phylogeography.

In order to evaluate the hypotheses generated by the SDM results and the genetic
data, three phylogeographic hypotheses that could explain the extant distribution of

genetic variation in European L. rubellus were tested in a statistical phylogeographic
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framework (Figure 2.8; Table 2.5). The scenarios where five lineages (A1, C, F, G and
B) simultaneously radiated from a common ancestor at either an early time point (5
Mya) or a later one (LIG) were not supported by our data. However, the simulations
where divergence events occurred in two separate phases (a Pliocene event ~6 Mya
and a Pleistocene event ~3 Mya, with Lineage B as the direct descendant population of
the MRCA), resulted in patterns of diversity which did not significantly differ from the
empirical data. These results suggest that the extant genetic diversity is the result of
the disruption of a once “continuous” distribution. The “washhouse” climatic periods
(Bohme et al. 2008) of the late Miocene caused an intensification of humid conditions
on a continental scale. According to our results of the divergence time estimates for L.
rubellus and its affinity to humid environments, it is likely that the species’ dispersal
over the continent was boosted by one of the “washhouse” periods. However, the
populations became subsequently structured due to limited dispersal and vicariant
events caused by successive climatic shifts such as the ice ages. Estimates of the rates
of dispersal obtained from the Netherlands postulate that 10,000 years is a necessary
timespan for worms to move over a distance of 100 km (Marinissen and Van den
Bosch 1992) and the two ‘“washhouse” periods of the Miocene described in the
introduction spanned 500 Ky each. This “washhouse” effect could have provided
favorable conditions for the spread of L. rubellus across the continental landmass. At
the same time, such low levels of dispersal accounted for isolation and absence of
gene flow during the Quaternary glaciations. Therefore, it is probable that some
refugial populations of L. rubellus are descendants of the first demes that colonised the
same geographical areas in the late Miocene. Successive climatic shifts, coinciding
with the onset of the Ice Ages during the Pleistocene led to successive vicariant events
(i.e. population isolation due to ice sheet movements and sea level fluctuations) that
resulted in the divergence between demes, which are in some cases geographically
proximate (i.e. G-H split; C-D split; A1-A2-A3 differentiation). In this scenario,
Lineage B seems to be the direct descendant of the Miocene ancestral population.
However, this hypothesis should be tested with the addition of nuclear DNA loci,
which are likely to present deeper genealogies than mtDNA (Li and Durbin 2011).

The most remarkable result of our modelling is that both LGM models show a
strip of continuous suitable landscape starting from the northwestern Iberian Atlantic
shore, extending to the Pyrenees and northwards over the French Atlantic coast

reaching Southwest Ireland and Cornwall (UK), a vast extension of land currently
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under water (Figure 2.5). This corridor, inferred by our modelling, could have
harboured a cryptic refugium for lineage B and possibly other lineages described in
this study. The results support the previously observed cryptic species complex
hypothesis for L. rubellus (King et al. 2008; Andre et al. 2009), and contribute to the
evidence of cryptic divergence, a tendency observed in many annelid species since the
application of genetic markers for taxonomic inferences (Erséus and Gustafsson
2009). There is increasing evidence in favour of the hypothesis that the presence of
haplotypes private to northern populations may be a result of their survival in refugia
in areas previously thought unsuitable for thermophilic species (Stewart and Lister
2001). For example, a population of South-West Scottish Caledonian Scot pines,
appears from both genetic and paleo-botanical evidence to have spread from a cryptic
South-Western refugium in Ireland (Kinloch et al. 1986). Finnegan et al. (2013) also
found genetic evidence of a cryptic refugium in North-western France for populations
of the Atlantic salmon (Salmo salar L.).

The data presented in this work potentially links the evidence for cryptic refugia
in Ireland to a long-known biogeographic enigma known as the “Lusitanian element”
(Corbet 1961; Moore 1987). Irish plant and animal species might be expected to be
most similar to those of Britain. However, biodiversity is lower in Ireland and some of
its species are absent or scarce in Britain. Contrastingly, there is sometimes a higher
affinity between species present in Ireland and those present in the northern Iberian
Peninsula and western France (Searle 2008), e.g. mammals such as the pigmy shrew
(Sorex minutus) and invertebrates such as Cepaea nemoralis (Grindon and Davison
2013). A possible link between the Lusitanian element and a similar SDM outcome as
the one found in this study has been already suggested in a phylogeographic study on
the pigmy shrew (Vega et al. 2010). However, while an effect of human mediated
migration between these two regions has been confirmed as the most likely for some
taxa (e.g. McDevitt et al. 2009), it is plausible that the observed North-western private
haplotypes and the “Lusitanian element” are explained by the existence of a large
coastal area of warmer climate and wet conditions that offered suitable habitat for
many cold tolerant species, allowing gene flow and migration between the Iberian
Peninsula and Ireland.

Lineage B peculiarly shows genetic evidence of survival in isolation from all the
other southern European populations for millions of years, and no evidence has been

found of its survival within Iberia, Italy or the Balkans. We hypothesize that Lineage
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B survived glacial periods at the edge of the most northern periglacial part of the
cryptic Irish refugium, and expanded into the British Isles as soon as the ice sheet
retreated and suitable habitat became available. Consistent with such a hypothesis, we
observed a signature of demographic expansions for this lineage ~25,000 years ago
(Chapter 6, Figure 6.4). Very recently, a single lineage B L. rubellus from Ireland was
found in a sample of earthworms recently genotyped from Ireland, adding support to
this hypothesis.

Our results contribute to the understanding of cryptic diversity in annelid
species, and add evidence to the cryptic refugia concept. Divergence values between
lineages were high, with evidence of vicariant events occurring during the last 6
million years. This study shows that vicariance over great distances and isolation over
long periods of time in combination with low dispersal rates are probably the main
causes of cryptic speciation in L. rubellus. 1t is likely that these results are indicative
of cryptic speciation for other similar earthworm species, but further studies need to
confirm this hypothesis. Further studies are also needed to address the phenomenon
known as the “Lusitanian syndrome”. The SDM carried out in this study offers a
possible avenue for further work in other species, and evidence from climatic, fossil
and genetic data from other taxa is needed to confirm the existence of the Atlantic

cryptic refugium we infer in this study.
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3.1 Introduction

Earthworms are the largest contributors to invertebrate biomass in many soil
environments. As soil ecosystem engineers, they play key roles in soil ecology end
ecosystem functioning (Lavelle et al. 1997). Interest in the applied ecology and
biology of earthworms has resulted in an ever-increasing body of scientific literature
(Edwards, 2004). Furthermore, earthworm species are widely wused as
ecotoxicological bioindicators (Spurgeon et al. 2003; Stiirzenbaum et al. 2009). An
increasing number of studies show evidence of the separation of earthworm taxa into
distinct divergent genetic lineages which in many cases probably represent cryptic
species (Chang et al. 2008; King et al. 2008; Erséus and Gustafsson 2009; Novo et al.
2010; Perez-Losada et al. 2011). It has also been shown that annelid intraspecific
lineages can differ markedly in their tolerance to contaminants (Sturmbauer et al.
1999; Linke-Gamenick et al. 2000). Without an appropriate understanding of species
boundaries, scientific results pertaining to earthworm biology can potentially be
confusing or misleading.

Lumbricus rubellus is a lumbricid earthworm widely distributed in Europe,
easily recognised by its dark red pigmentation. It is an out-crossing, hermaphrodite
epigeic earthworm, with a lifestyle consisting of burrowing in the upper soil layer,
feeding on decaying organic matter (Sims and Gerard 1999). L. rubellus was recently
found to be divided into two highly distinct genetic lineages in Britain, thought to be
the result of re-colonisation from different periglacial refugia (King et al. 2008; Andre
et al. 2009; Donnelly et al. In Press). The previous chapter of this thesis revealed a
broad pattern of cryptic diversity of the species over continental Europe.

Animal mitochondrial DNA comprises a small and simply structured
extrachromosomal genome, usually including 13 protein coding genes, 22 tRNAs and
2 rRNAs and a few noncoding segments, in a circular double strand of ~ 15 Kb in size
(Boore 1999). Whole mitochondrial genome sequences provide a useful tool for
phylogenetic reconstruction in animal taxa and such studies range from tunicates
(Singh et al. 2009) to mammoths (Gilbert et al. 2008). Nevertheless, the phylogenetic
use of mitogenomic data in annelid studies is limited to a few studies, usually
focusing on inter-species relationships (Boore and Brown 2000; Bleidorn et al. 2006;

Zhong et al. 2008; Mwinyi et al. 2009; Shen et al. 2011). No mitogenomic study to
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date has focused on questions related to phylogenetic relationships within an annelid
cryptic species complex.

So far, studies of the genetic diversity of L. rubellus have included mtDNA
markers (COI and COII), AFLPs and microsatellites (Harper et al. 2006; King et al.
2008; Andre et al. 2009; Donnelly 2011; Donnelly et al. In Press). In this chapter, the
whole mitochondrial genome sequence from eight individuals from within each
mitochondrial haplogroup identified in the previous dataset and the mitochondrial
genome sequenced in the L. rubellus Genome Project are examined, with the aim to
investigate the phylogenetic signal of the L. rubellus putative cryptic species complex
at the whole mitochondrial level.

Using next-generation sequencing, we describe the whole mitochondrial
genome of L. rubellus, its gene composition and arrangement, tRNA folding,
nucleotide patterns, investigating whether there are differences with its closest
mitochondrial genome in the literature, Lumbricus terrestris (Boore and Brown
1995). We investigated the phylogenetic signal contained in each gene, assessing
whether different phylogenies constructed for each ortholog differed from each other
and from a tree topology constructed on all concatenated genes. The aim was to assess
whether some genes carried a stronger phylogenetic signal at the mitochondrial level
than others, and if common phylogenetic statistical parameters were correlated to
these differences. This is the first study where mitochondrial diversity of a cryptic

species complex is examined at the genome level.
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3.2 Materials and methods

3.2.1 Assembly and annotation

We selected eight individuals for whole genome next-generation sequencing
(Table 3.1) to represent mitochondrial COI/COII haplogroups identified by Bayesian
Analysis of Population Structure and initial phylogenetic analyses of L. rubellus
(Chapter 2) and taking the geographic source for each sample into account. In order to
extend the amount of phylogenetic information and explore divergence in this cryptic
species complex, and to compare the evolutionary information contained at the
different mitochondrial loci, a few representatives of the Lineages in chapter 2 were
chosen for whole genome sequencing. Two Al individuals coming from distant
locations were selected (one individual is from UK, the other from Hungary), in
conjunction with an A2 individual from France and an A3 individual from Finland,
with the aim to gather deeper information about the A1-A2-A3 cluster diversity over a
broad geographic range. Single individuals from haplotypes C, D (representing the
Balkan lineages), F (representing the Spanish lineage) and B were included in the
analysis as representatives of the other deep divergent lineages. Nuclear SNP data
produced within this study is presented in chapter 4. Individuals from the other deep
divergent clusters D and E were unfortunately not included in this analysis because
they were discovered after Illumina sequencing was carried out.

Genomic DNA (gDNA) was extracted using the DNeasy blood and Tissue kit
(Qiagen) with a modified protocol, assuring high purity and yield. Quantity and
quality of the template were assessed using a NanoDrop® spectrophotometer
(Nanodrop Technologies, Oxfordshire, UK) and a Qubit® 2.0 Fluorometer
(Invitrogen, UK). Genomic DNA was sent to the GenePool (Edinburgh) for short-read
(100 bp) paired-end library production and sequencing in an Illumina Hi-Seq 2000
system. The eight short read paired-end libraries yielded on average of approximately
80 million reads per individual. The paired-end output files of the analysis were
imported and de novo assembled using CLC genomic workbench 5.5 (CLC bio), and
contigs corresponding to the mitochondrial genomes were extracted as consensus
sequences. The high average coverage of each mtDNA genome (~10° per individual)
allowed us to extract mitochondrial genome sequences without ambiguous base

calling, except for within the putative control region.
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Genetic

code Country  Haplotype Coordinates
ECO.15 UK Al 52°21'35"N  3°44'S9"W
HUN.B.03  Hungary Al 47°38'24"N  18°51'18"E
FRA.A.11 France A2 50°41'07"N  3°02'37"E
FIN.A.11 Finland A3 63°17'6.3"N  23°7'26"E
SER.A.16 Serbia C 44°05'00"N  19°55'00"E
HUN.A.05 Hungary D 47°39'50"N  16°26'10"E
SPA.A.03 Spain F 42°09'59"N  8°41'00"W
S20 UK B 52°24'S7T"N  3°51'47"W

Table 3.1. Samples used for this study. Genetic label, country of origin, haplotype and sample
coordinates are shown. The last individual (S20) comes from a population studied in Andre et al.
(2010).

All the individuals were chosen from the samples used in the study described
in Chapter 2, except one, a lineage B individual (S20, Table 3.1) that originates from
the same population previously studied by Andre et al. 2009, and where the specimen
used for the Lumbricus rubellus Genome Project originated (Elsworth 2012). The aim
of including this individual in the dataset was to integrate the dataset to the L. rubellus
Genome Project as a re-sequencing project. In addition, another Lineage B
mitochondrial sequence was downloaded from the L. rubellus Genome Project
website and used to compare the outcomes of different assemblies.

Visualisation and annotation of the protein coding genes, transfer RNAs
(tRNAs), short and long ribosomal RNAs (s- and IrRNAs) and non-coding regions
was carried out by aligning the nine genomes to the Lumbricus terrestris annotated
mitochondrial genome sequence (Boore and Brown 1995) using CLC Genomic
Workbench 5.5 (CLC bio, Aarhus, Denmark). The secondary structure of tRNAs was
inferred using ARWEN online (Laslett and Canbéack 2008). Mitochondrial maps were
generated with the OGdraw suite (Lohse et al. 2007). The putative secondary
structure of the non-coding genes were examined using the online service “mfold”

(Zuker 2003).
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3.2.2  Phylogenetic and statistical analyses

Each DNA alignment was analysed separately in order to obtain a
phylogenetic tree from each protein coding and rRNA gene. Tests for the best fit
models of molecular evolution were carried out using MrModeltest 2.3 (Nylander
2008). Phylogenetic analyses of each protein-coding and rRNA loci were carried out
with mrBayes 3.2.1 (Ronquist et al. 2012). The Bayesian analyses were carried out
over four independent MCMC chains running for 10° generations, with a tree sampled
every 1,000 generations and a relative burn in of 25%. Convergence of runs and
parameters was checked with the diagnostic implemented in MrBayes. Another
phylogenetic tree was obtained from the concatenated dataset containing each coding
and rRNA sequences in mrBayes. The Bayesian analysis was carried out
implementing the proper model for each partition, over four independent MCMC
chains running for 10° generations, with a tree sampled every 1,000 generations and a
relative burn in of 25%.

Comparison of the alternative phylogenies obtained was carried out using a
meta-tree approach (Nye 2008) using the online META-TREE java applet
(http://www.mas.ncl.ac.uk/~ntmwn/phylo _comparison/multiple.html).  This  tool,
based on minimisation of the total Robinson & Foulds distance (Robinson and Foulds
1981), provides a means to summarise, represent and compare sets of multiple
alternative phylogenies via “meta-trees”. This method does not provide a way to see
“real” patterns of evolution, but is a useful way to visualise similarities and
differences between phylogenies. In conjunction with bootstrapping, meta-trees can
offer an approach to visualise and interpret whether different topologies produced by
orthologous genes effectively carry different evolutionary patterns, or if there is a lack
of significant difference due to poor phylogenetic signal (Nye 2008). Bootstrap
analyses and construction of Maximum-Likelihood trees from the bootstrapped
sequences for the meta-tree comparison of the single genes, as described by Nye
(2008), were carried out using SEQBOOT and DNAML in the PHYLIP package
(Felsenstein 1989).

The Symmetric Difference (Robinson and Foulds 1981) estimates how many
partitions are present in one tree but not on the other. The metric was calculated to
estimate the distance between the phylogenetic trees (Robinson and Foulds 1981)

using the software TREEDIST in the PHYLIP package (Felsenstein 1989). Given two
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unrooted trees and a set of taxa represented by different labels, the metric finds the
number of required operations to convert one tree into another; the number of
operations needed is the symmetrical distance definition. The authors defined two
trees to be the same if they are isomorphic both in terms of branch structure and in
terms of labelling.

A correlation between the phylogenetic information carried out by each gene
and other variables from its alignment was hypothesised. To investigate this
hypothesis, different variables were measured for each gene: p-distance between
individuals, nucleotide diversity (m), gene length, number of polymorphic sites and
Tajima’s D (Tajima 1989) using DnaSP (Rozas and Rozas 1999). Secondly, matrices
of residuals for gene length, polymorphic sites and m between each gene were built,
and the fit to a normal distribution for each variable matrix was tested with Shapiro-
Wilk tests (Shapiro and Wilk 1965). Thirdly, we checked how much of the variability
between genes is explained by the variability between whole mtDNA sequences. A
partial mantel test (Mantel 1967; Legendre and Legendre 1998) was carried out,
comparing the p-distance matrices between each pairwise combination of genes,
controlling for a third p-distance matrix calculated on the sequence obtained from the
concatenation of all the genes. The results obtained express the level of partial
correlation between the p-distance of two genes, while controlling for the p-distances
of the whole coding part of the mitogenome. Lastly, correlations between the r values
obtained from the partial mantel test, the symmetric distance of trees and the
aforementioned variables, were calculated using mantel tests and visualised using

pairwise plots in R (R Developement Core Team 2013).
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3.3 Results

3.3.1 Genome structure and organisation

The mtDNA genomes of the oligochaete L. rubellus analysed in this work
varied in length between 15640 and 15945. The nucleotide composition varied
slightly between lineages, but was generallyAT-rich, with AT content between 62.4%
(lineage B) to 63.4% (A1 from UK), close to the L. ferrestris value of 61.6% (Boore
and Brown 1995). L. rubellus mtDNA genomes contain the typical metazoan
mitochondrial gene composition, comprising 13 protein-coding genes (COI-COIII,
NDI1-ND6, ND4L, ATPase6/8 and Cytochrome b), two ribosomal RNAs (srfRNA and
IrRNA) and 22 tRNAs, all encoding on the same strand. The gene order is identical to
that observed in Lumbricus terrestris (Boore and Brown 1995). There are a few short
intergenic regions, the largest between Cytochrome b and tRNA'™, and two main
non-coding sites, one located between tRNA*"® and tRNA™®, corresponding to the
Lumbricus terrestris AT-rich non-coding region, and a second one, variable in length
between all the genomes, between ND6 and Cytochrome b. Most of the genes adjoin,
with a few overlaps. Gene content and organization can be visualised in Figure 3.1
and are summarised in Table 3.2. Each of the 13 protein-coding genes features ATG
as a start codon, a common feature in annelid mitochondrial genomes (Boore and
Brown 2000; Boore 2001; Jennings and Halanych 2005; Bleidorn et al. 2006). Codon
usage bias, represented in Table 3.3, appeared to be affected by the AT-richness of the
genome, with 66% of codons ending with T or A, including the most used codons
(CTA - Leu, 4.9%; ATA - Met, 4.9%: ATT - Ile, 4,6%; TTT - Phe, 4.1%; TTA - Leu,
3.9%).

Except for ND6 and Cytochrome b, the other genes have stop codons either
overlapping with downstream genes or are truncated (T- or TA-) for completion with
post-transcriptional polyadenylation, another common characteristic in annelid
mtDNAs (Ojala et al. 1981; Wolstenholme 1992). In all lineages, the ND6 gene was
474 bp long and had a TAA or TAG termination codon preceding a large noncoding
region (see Chapter 7 - Table 7.1, Table 3.1 and Figure 3.1). This region is not present

in the L. terrestris genome, or in any other known annelid mitochondrial genome.
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Figure 3.1. Gene map of the mitochondrial genome of Lumbricus rubellus (Lineage B). All the genes
are encoded on the same strand. The tRNAs are represented by the IUPAC single letter codes. The

inner circle represents the GC content.
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Gene position from- . Start Stop Intergenic

name to Size Codon Codon Nucleotides AT%
Col 1-1540 1540  ATG T! 58.57
tRNAAS 1541-1601 61

COolIl 1602-2286 685 ATG T! 1 59.42
tRNAAP 2288-2348 61

ATP8 2349-2508 160  ATG T! 67.50
tRNA™" 2509-2571 63 2

tRNACY 2570-2631 62 1

COIIl 2633-3410 778 ATG T! 1 55.78
tRNAC! 3412-3480 69

ND6 3481-3954 474  ATG TAA 68.86
UNK 3955-4243 289

CYTB 4244-5392 1149  ATG TAA 24 61.51
tRNAT™ 5417-5478 62 2

ATP6 5481-6174 694  ATG T! 59.65
tRNAAE 6175-6247 73

nCR 6248-7002 755

tRNAMS 7003-7065 63

ND5 7066-8793 1728 ATG T! 1 61.05
tRNAPe 8795-8856 62

tRNACM 8857-8920 64 2

tRNAP™ 8919-8980 62

tRNA™ 8981-9042 62

ND4L 9043-9339 297  ATG TAA -7 63.64
ND4 9333-10689 1357  ATG T! 62.71
tRNAS® 10690-10753 64

tRNAM¢ 10754-10816 63

s-TRNA 10817-11601 785 60.59
tRNA VY 11602-11664 63 1

-rRNA 11666-12906 1241 66.34
tRNA 12907-12967 61

tRNAAE 12968-13029 62

tRNAS 13030-13092 63 1

tRNA 13094-13157 64 1

ND1 13159-14085 927  ATG T! 62.57
tRNA"® 14086-14150 65

tRNA 14151-14217 67

ND3 14218-14569 352  ATG T! 59.38
tRNAS 14570-14633 64

ND2 14634-15640 1007  ATG T! 64.45

Table 3.2. Mitochondrial genome profile of Lumbricus rubellus Lineage B. Start and end position,
length, start codon, stop codon, intergenic nucleotides and AT% are shown. The number of intergenic
nucleotides is negative when there is an overlap between loci.

" Truncated stop codons, terminated by post-transcriptional modification (polyadenilation).
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AA  Codon N % /1000  AA Codon N % /1000

Ala  GCG 16 0.4 4.3 Pro CCG 10 0.3 2.7
Ala  GCA 87 23 235 Pro CCA 53 1.4 14.3
Ala  GCT 93 25 251  Pro CCT 53 1.4 14.3
Ala  GCC 79 2.1 213 Pro CCC 63 1.7 17

Cys TGT 16 0.4 4.3 Gln CAG 21 0.6 5.7
Cys TGC 18 0.5 4.9 Gln CAA 48 1.3 12.9

Asp  GAT 34 0.9 9.2 Arg CGG 8 0.2 2.2
Asp GAC 34 0.9 9.2 Arg CGA 35 0.9 9.4

Arg  CGT 7 0.2 1.9
Glu GAG 23 0.6 6.2 Arg CGC 11 0.3 3
Glu GAA 46 1.2 12.4

Ser AGG 15 0.4 4
Phe TTT 152 4.1 41 Ser AGA 69 1.9 18.6
Phe TTC 104 28  28.1 Ser  AGT 12 0.3 3.2

Ser AGC 14 0.4 3.8
Gly GGG 45 1.2 12.1 Ser TCG 13 0.4 3.5
Gly GGA 86 23 232 Ser TCA 100 2.7 27
Gly GGT 28 0.8 7.6 Ser TCT 71 1.9 19.2
Gly GGC 29 0.8 7.8 Ser TCC 79 2.1 21.3

His  CAT 36 1.0 9.7 Thr ACG 9 0.2 24
His CAC 58 1.6 156 Thr ACA 99 27 26.7
Thr  ACT 78 2.1 21
Ile ATT 172 4.6 464 Thr ACC 55 1.5 14.8
Ile ATC 123 33 33.2
Val  GTG 28 0.8 7.6
Lys AAG 15 0.4 4 Val GTA 108 29 29.1
Lys AAA 73 2.0 19.7 Val  GTT 58 1.6 15.6
Val  GTC 32 0.9 8.6
Lew TTG 32 0.9 8.6
Leu TTA 146 39 394 Trp TGG 11 0.3 3
Lew CTG 36 1.0 9.7 Trp TGA 92 25 2438
Lew CTA 182 49 49.1
Lew CIT 99 27 267 Tyr TAT 65 1.8 17.5
Leu CTC 58 1.6 156 Tyr TAC 67 1.8 18.1

Met ATG 73 2.0 197 End TAG
Met ATA 182 49 49.1 End TAA

NN O
o

0.1 0.5

Asn  AAT 68 1.8 18.3
Asn  AAC 78 2.1 21

Table 3.3. The codon usage for the lineage B mitochondrial genome. For each amino acid (AA), the
relative codon, the number of the codons in the genome, the relative percentage of the codon
translating that amino acid, and the /1000 value are shown. The total number of codons is 3707.
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The terminal part of the Cytochrome b gene was different from L. terrestris in
length, and the stop codon position varied among L. rubellus genomes (Chapter 7,
Table 7.1). As opposed to L. terrestris, the stop codon TAA was complete and a small
non-coding region followed it. In order to validate the inference related to the
termination of translation of Cytochrome b in all the lineages, the gene was aligned
with the Cytochrome b sequences of Urechis caupo (NC _006379.1), Orbinia latreillii
(NC _007933.1), Perionyx excavatus (NC 009631.1), Nephytis sp. (NC_010559.1),
Pista cristata (NC 011011.1), Terebellides stroemii (NC 011014.1), Sipunculus
nudus (NC _011826.1), Phascolosoma esculenta (NC _012618.1), Urechis unicinctus
(NC _012768.1), Whitmania pigra (NC_013569.1). All Cytochrome b protein-coding
regions of these species have a stop codon near the end point in the L. rubellus
genomes, being shorter by 1-4 amino acids. Therefore, the inferred stop codon is
probably correct.

NDA4L peculiar termination is a common feature found in annelid genomes: an
overlap of 5-7 nt over the ND4 gene (Boore and Brown 1995). ND3, NDS5, ATP6 and
COII genes either ended with a truncated stop codon or a full stop codon, but in the
second case the gene overlapped with the following tRNA (Table 3.2) for one or two

base pairs.

3.3.2 tRNAs and rRNAs

L. rubellus has the typical 22 tRNA genes contained in metazoan
mitochondrial genomes (Boore 1999). The average length is 63.6 bp: the shortest
tRNAs are 61 bp in length and the longest (tRNA™®) is 73 bp. In terms of structure
and organisation, these genes were found to be conserved across lineages, and were
organised in the same way as in L. terrestris. Lineage B tRNA structures were
visualised in Figure 3.2 and the tRNA structure for the other genomes were reported
in tRNA.pdf (CD-ROM).

The small and large ribosomal RNA (srRNA and IrRNA) genes were
conserved among the lineages and with L. terrestris, with similar sizes, GC content
(Table 3.2) and low levels of polymorphisms when compared to the rest of the
genome (Table 3.4).
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Figure 3.2. Transfer RNA (tRNA) structures of Lumbricus rubellus lineage B.
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3.3.3 Non-coding regions

The region between tRNA*® and tRNA"® is the putative control region
(Figure 3.1). However, it can be inferred to be complete only in ORI_B; the high AT
content, resulting in many repetitive regions with microsatellite-like structures, is
likely to have hindered the assembly software to completely recover the consensus
sequence of this gene for the assemblies operated with the Illumina data. The ORI B
putative control region is more complete, based on the alignment with L. terrestris.
The possible secondary structures in this region were examined using the “mfold”
online server (Zuker 2003) (Figure 3.3) and revealed a high capacity of folding in a
high variety of hairpins and complex structures within the temperature range at which
L. rubellus survives.

The region between the ND6 gene and the Cytochrome B gene showed the
most unusual divergence from the L. terrestris mitochondrial genome. In L. terrestris
ND6 adjoins directly with CYTB, however, in all the L. rubellus lineages, after the
stop codon of ND6, a non-coding sequence was highly divergent between lineages.
This sequence was divergent both in sequence (average evolutionary divergence 69%,
Kimura 2 parameter model), and in length, as this region ranged from 437 bp in A3 to
289 bp in B.

The consensus sequence of this region in B was identical to ORI _B. The two
individuals originated from the same population and have substantially identical
mitochondrial genomes; the fact that the same result has been obtained independently
via different assemblies, leads us to assume in this case that the recovered consensus
sequence of this gene is reliable. A possible secondary structure is shown in Figure

3.3.
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Figure 3.3. Possible secondary structures of the two major non-coding regions in Lineage B. A: AT-

Rich region (dG =-190.34); B: UNK region following the ND6 gene (dG = -32.84).
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3.3.4 Phylogenetic and statistical analyses

Assuming that a phylogenetic tree constructed using the concatenated
sequence would represent the optimal phylogenetic hypothesis for the mitochondrial
genealogy of the species, the main aim of this study was to assess how single
mitochondrial genes would conform to that phylogeny, thus investigating which genes
carry the strongest phylogenetic signal, and how differences could be related with
common variables calculated using aligned sequences.

The evolutionary models obtained for each gene-coding region are represented
in Table 3.4. Bayesian analyses of the different orthologous mitochondrial genes
produced different topologies. Trees with posterior probability support values are
reported in Chapter 7 — Figure 7.1. The 15 phylogenetic trees obtained resulted in ten
different topologies. The topologies of COI, IrRNA, ND1 and ND5 matched the main
topology of the tree obtained with all genes concatenated (Figure 3.4). In general,
good support was evident, with posterior probability values close to 1 for almost all
nodes (Chapter 7 — Figure 7.1). Other topologies deviated somewhat, usually in the
resolution of the internal branching of A1-A2-A3 or the position of the C and D
(Balkan) lineages (ND3, COII-CYTB, COIII-sTRNA, ND4, ATPS). Others featured a
different position for the (Spanish) lineage F (ND2, ATP6) but the most unusual
topologies were represented by ND6 and ND4L (Figure 3.4). In some cases (COII,
ATP8, ND3, ND6, ND4L), support for branches conflicting with the main topology
was low (Chapter 7 — Figure 7.1).
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Evolutionary ~ Variable

Gene Length model sites Tajima's D T
COIl 1540 GTR+I+G 355 0.833 0.112
coln 685 HKY+G 144 0.634 0.099
ATP8 160 HKY+I 45 0.238 0.137
Colll 778 GTR+I+G 187 0.478 0.127
ND6 474 GTR+I 147 0.393 0.151
CytB 1138 HKY+I+G 309 0.877 0.13
Atp6 694 GTR+G 194 0.842 0.139
ND5 1726 GTR+I+G 486 0.475 0.145
ND4L 297 GTR+I 84 0.676 0.141
ND4 1357 GTR+I+G 373 0.647 0.132
s-TRNA 793 GTR+I+G 74 -0.666 0.053
I-rRNA 1257 GTR+I+G 196 0.086 0.078
NDI 925 GTR+I+G 236 0.646 0.126
ND3 352 HKY+I 109 0.664 0.158
ND2 1006 GTR+I+G 291 0.326 0.145

Table 3.4. Summary statistics for each gene alignment. Evolutionary models were obtained using the
Akaike Information Criterion selection of the best-fitting model of molecular evolution using
mrmodeltest 2.3 (Darriba et al. 2012). Length, variable sites, Tajima’s D and = statistics were obtained
with the program DnaSP (Rozas and Rozas 1999).
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Figure 3.4. Representative gene tree topologies. Each topology is labelled by gene. The first topology
(top-left of the figure) represents that obtained by constructing a tree using all the concatenated genes.
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The difference in topology between the trees was summarised using a meta-
tree approach (Figure 3.5). The meta-tree featured ten different topologies,
represented by the small circles at the branching nodes, labelled according to the
genes, showing a star-like appearance, with a central topology shared by 4 genes,
IrRNA, ND5, NDI1 and COI, concordant with the whole-genome topology as seen
before. The four other branches summarised topologies differing by a maximum of
three steps. The most divergent topologies are represented by ATPS8 on the left branch
and ND4L and ND6 on the right branch, divergent for 3 partitions.

A Tpg

NDg

)
2

Figure 3.5. Meta-tree of Bayesian phylogenies of 15 different mitochondrial genes from the
mitochondrial genomes of Lumbricus rubellus lineages. Each node represents intermediate topologies
between the leaves; each leaf represents the phylogenetic tree topology of the genes that label them.

In order to assess whether these discrepancies were caused by statistically
significant differences in the trees, or whether the differences were due to a lack of
phylogenetic signal, we used a bootstrap approach as suggested by Nye (2008). We
constructed a meta-tree in Figure 3.6 with eight bootstrap replicates obtained from
each of the 15 genes. The tree again produced a star like pattern. Some genes, such as
CYTB, ND6, ATP8 and sTRNA were scattered, rather than forming separate clusters.
A cluster occurred at the centre of the star-shaped tree, where the most of COI,

IrRNA, ND1 and ND2 bootstrap topologies were found together.
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Figure 3.6. Meta-tree for the bootstrap analysis of 15 mitochondrial genes of Lumbricus rubellus. Eight
bootstrap replicates for each gene are shown. Each labelled vertex corresponds to the topology of the
gene or multiple gene replicates that labels them.

The Robinson & Foulds matrix in Table 3.5 show that the most divergent
genes were very distinct from the reference topology (represented by COI) by 4 to 6
partitions. The symmetric distances between most genes ranged from 0 to 4, except
for ATP8, ND6 and ND4L, for which distances ranged from 4 to 10.

The summary statistics calculated for each gene are shown in Matrices.docx
(CD-ROM), and in Table 3.4 (length, number of variable sites, Tajima’s D and ).
The matrices constructed for each of the last four variables, showing the differences
between each gene’s variable values, are shown in Matrices.docx (CD-ROM). The
Shapiro-Wilk test, calculated on all matrices, led us to reject the null hypothesis of
normality for all the considered variables. Therefore, non-parametric statistics were
used for correlation tests.

The PMT values calculated comparing p-distance matrices of each gene pair,

using the Spearman’s rank correlation method, controlling for the p-distance matrix
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calculated on the concatenated gene sequence, were tabulated (Table 3.6). Out of 98
comparisons, only 33 comparisons were significantly correlated.

Correlation between summary variables, PMT and RF distance were
calculated with Mantel tests using Spearman’s rank correlation. Pairwise comparisons
between variables were significantly correlated only between length and
polymorphism, and between Tajima’s D and wn. These two quantities are linearly
correlated as Tajima’s D = 0, — 0,, where 0,1s the estimation of the 4Ne parameter
using m, and O, is the estimation of 4Ne according to the proportion of segregating
sites. Relationships between the variables, fitted with a polynomial curve are shown

in Figure 3.7. The plot clearly shows that most of the variables were uncorrelated.

108



Chapter 3 | Mitogenomics of cryptic diversity: exploring the deep phylogenetic signal of
Lumbricus rubellus

0.8

0.0

0.8

0.00 0.06

ap 0 O
amwad @ O

Figure 3.7. Pairwise plots of the relationships between the compared phylogenetic variables. R12.3:
matrix of partial mantel test correlation values; Length: matrix of gene length differences; Pol: matrix
of polymorphism differences between genes; RF: Symmetric distance matrix; D: differences in
Tajima’s D between genes; Pi: differences in @ between genes. All the variables, except Length and
Pol, and D and Pi, appear to be uncorrelated.
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3.4 Discussion

The mitochondrial genome structure of L. rubellus was elucidated and reflects
the structure and organisation of its closest studied mitochondrial genome (L.
terrestris). All genes initiated with a unique start codon, ATG and although this
represents a deviation from other metazoan genomes, where two or more codons are
normally employed for the initiation of translation, this feature seems to be common
in annelid mitochondrial genomes (Boore and Brown 1995; Boore and Brown 2000;
Boore 2001; Jennings and Halanych 2005; Bleidorn et al. 2006).

The high frequency of truncated stop codons is also a common feature in
annelids. Stop codons can either be truncated or overlap downstream genes after
initiation of translation. It has been speculated that overlapping stop codons are not
normally used and the transcripts are preferentially completed by cleavage and
polyadenylation of the transcript, and the encoded overlapping TAA codons work
only as a backup measure in case of cleavage errors (Boore and Brown 2000).

The AT-rich non-coding region was variable in length between the sequenced
genomes (Chapter 7, Table 7.1), but this variation in length is likely to be a result of
problems in the assembly of the putative control region. Given the fact that the control
region of the ORI B individual seems to be the most complete according to the
alignment with L. terrestris, the estimated length of this individual can be considered
the closest to the true length of the genome, notwithstanding that the B lineage could
be unusual among all L. rubellus lineages. In Sanger sequencing — based mitogenomic
studies, this region has previously been recognised to be difficult to amplify,
particularly in long-targeted PCRs, probably because of regulatory secondary
structures and microsatellite regions (Boore and Brown 2000; Boore 2001; Jennings
and Halanych 2005; Bleidorn et al. 2006; Zhong et al. 2008). Repetitive regions have
proven to be difficult to assemble with NGS data, particularly when repeats concur
with the length of the reads (Li et al. 2010; Peng et al. 2013; Zhan et al. 2013). A
possible way to overcome the problem, now that the flanking regions are known in all
lineages, would require PCRs and Sanger sequencing targeted to amplify only the AT
rich region.

The most remarkable difference between L. terrestris and L. rubellus genomes
can be found in the non-coding strand at the end of the ND6 gene, a large and variable

region without any detectable function. In all lineages, this gene is AT rich (average
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72.7%) and showed a high capacity for forming folding structures and hairpins
(Figure 3.3), suggesting that this region may have a regulatory role. The other
Annelida mitochondrial genomes published so far do display only one large non-
coding sequence, with minor interspersed non-coding sequences of unknown
function, like in the polychaete Orbinia latreillii (Bleidorn et al. 2006). In
invertebrates, a second large non coding region of 664 bp has been found recently in
the mitochondrial genome of the clam Mactra veneriformis (Meng et al. 2013). They
are common in cnidarians, where they have been proposed to be used as phylogenetic
characters (Concepcion et al. 2006). These features have been recognised in some
cnidarians, some sponges and a Placozoan, to be type Il introns (Beagley et al. 1998;
Dellaporta et al. 2006; Rot et al. 2006). Type II introns are self-catalytic ribozymes
with different functions, common in plant and fungal mitochondria (Michel et al.
1989) but now found in all three life domains (Valles et al. 2008). Remarkably, a
polychaete annelid was recently found to be the only bilateran animal to have a type II
intron in its mitochondrial genome (Valles et al. 2008). It could be speculated that the
described ND6-associated non-coding region in L. rubellus lineages could have some
type II - intronic function, but this hypothesis must be tested further, as type II introns
must correspond to determinate, measurable characteristics. A possible origin of this
locus would account for horizontal gene transfer from endosymbiotic bacteria or
viruses (Valles et al. 2008). Horizontal gene transfer from endosymbionts to an insect
host has been documented (Kondo et al. 2002), as well as the symbiotic relationship
between bacteria of the Verminephrobacter genus and various earthworm species,
including L. rubellus (Lund et al. 2010). The relationship between Verminephrobacter
and earthworms was inferred to be ancient, suggesting that early symbionts were
already present in the most recent common ancestor of lumbricids (Lund et al. 2010);
however, no similarity between the genome and the plasmid of Verminephrobacter
and the examined non-coding region in the earthworm mitogenome was found. An
alternative explanation for interspersed non-coding regions could be described by the
duplication/random loss model (Moritz et al. 1987), in which non-coding fragments
could be remnants of duplicated and degenerated tRNAs. The tendency to form
secondary loop-like structures would support this notion.

Phylogenetic analyses on single genes revealed a diverse result in terms of
phylogenetic information carried out by each locus studied. Over the ten different

topologies obtained from the Bayesian phylogenetic analysis of the 15 analysed loci
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(all the coding genes plus the two rRNAs), four where identical with the tree topology
obtained from the concatenated genes, but the others deviated by different degrees,
the most different topologies being ND4L and ND6. In addition, some topologies
were uncertain, with poor PP support for some branches (Chapter 7). These
discrepancies may be due to different reasons. The ND4L and ATPS8 genes featured
the shortest sequence lengths (Tables 3.2 and 3.4); therefore, sampling bias, in terms
of insufficient polymorphism to infer phylogenetic relationships, may be the reason
why these gene trees are either incongruent or poorly supported (Felsenstein 1988).
The ribosomal srRNA gene tree was the most conserved gene of all, having a
maximum p-distance of 5% between individuals (Matrices.docx, CD-ROM).
However, the gene topology showed concordance with the general topology, although
with reduced branch length due to the small proportion of polymorphisms. In this
case, balancing selection, which probably caused the retention of ancestral
polymorphism, may be the reason for poor support (Maddison 1997). The
conservation of rRNAs and tRNAs genes is probably due to their structural
importance, thus accounting for their higher sequence similarity among taxa, despite
the high mitochondrial mutation rate (Zhuang et al. 2013).

Peculiar evolutionary patterns were also observed for ND4L, ATP6 and ND6,
which have already been reported in Boore and Brown (1995) for L. terrestris.
Different amino-acid patterns between taxa for these genes were also observed in the
brachiopod Terebratulina retusa (Stechmann and Schlegel 1999). These genes seem
to evolve relatively fast: the low level of sequence conservation gave problems of
identification of these proteins during annotations in the cited studies. In a study
involving the annelids Platynereis dumerilii, Helobdella robusta and the
pogonophoran Galathealinum brachiosum, the high degree of divergence of ND6
between taxa caused the decision to exclude it from whole mitochondrial genome
phylogenetic analyses (Boore and Brown 2000). Hydrophilicity profiles were
necessary in order to compare the protein product function. These patterns were very
similar among these proteins in different taxa, suggesting that this factor is a
functional constraint on their sequence evolution (Boore and Brown 1995).
Comparisons between Annelida genomes revealed gene rearrangement events (e.g.
Zhong et al. 2008); a certain degree of correlation between high mutation rates in
mitochondrial genes and high degree of gene rearrangements has been observed in

Hymenoptera and some gastropods (Yamazaki et al. 1997; Dowton et al. 2002). It is
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possible that certain diverging evolutionary patterns may be caused by ancient
rearrangement events.

The symmetric distance among trees, and the meta-tree analyses underlined
the observed differences in phylogenetic signal both quantitatively and graphically
(Figure 3.5 and Table 3.5). According to Nye (2008), a high degree of discordance
between the tree topologies results in star-shaped meta-trees where genes are scattered
on the leaves (Nye 2008, elaborated using the dataset in Li et al. 2007); on the other
hand, a high frequency of genes clustered in one or more central nodes may imply
high concordance between gene topologies, giving also an idea (but not an estimation)
of the frequency of a topology in a gene set, which could relate to the probability of a
particular phylogeny for the species tree (Nye 2008). The scenario depicted in this
study points out that mitochondrial genes carry, as expected, a common pattern of
phylogenetic information, with few cases of deviation from the general evolutionary
signal. The meta-tree central clustering of topologies reflect the mitochondrial nature
of the data, inherited effectively as a single locus (Moritz et al. 1987).

The bootstrap meta-tree (Figure 3.6) confirmed that a coherent phylogenetic
signal was dominant among the gene trees. Bootstrap tree topologies clustered
coherently overall with the meta-tree in Figure 3.5, with the genes closer to the main
topology at the centre and the others clustering coherently in the other four branches,
for the most part, for a maximum of three steps. Gene tree topologies that coherently
cluster together in the bootstrapped meta-tree carry consistent phylogenetic
information (Nye 2008). This method was used to test the effect of different data
partitioning in phylogenies on tree topologies over a concatenated dataset of ten
nuclear genes in ray-finned fishes (Actinopterigii), showing in general that high
congruence between topologies build a star-like meta-tree, where topologies with the
better phylogenetic signal cluster in internal nodes (Li et al. 2008).

The partial mantel test run comparing p-distance matrices of each pair of
genes, controlling for the p-distance matrix calculated over the concatenated gene
sequence, resulting in the matrix in Table 3.6, showed that only 33 comparisons
resulted significant. The expectation was that significant correlation would relate
genes which phylogenetic information was closer to the genomic phylogenetic
information content, even when removing the effect of whole genome diversity from
the correlation calculation. The results were partially discordant with other analyses.

This may be because p-distance could be too simplistic to infer relationships in this
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case. Some changes between pairs of taxa, such as back mutations, are undetectable
for distance methods (Felsenstein 2004). The mantel tests between matrices of
different statistical parameters (partial mantel test correlation values, p-distance, m,
symmetric distance of trees, gene length, number of polymorphic sites and Tajima’s
D) gave significant results only in two expected cases, the comparison between length
and polymorphism matrices and the comparison between Tajima’s D and © matrices.
The failure to detect correlation between variables in this dataset is probably due to
reasons not easily detectable by the approaches taken. Perhaps, a data standardisation
would help to detect underlying relationships within variables, as shown in a study
that used a mantel test approach to detect correlation patterns between multiple
distance matrices (Legendre and Lapointe 2004). In addition, this dataset may be
affected by systematic errors that would hinder the considered variable to be good
estimators of phylogenetic signals. Systematic errors are also called non-phylogenetic
signals, and may consist of heterogeneity of nucleotide composition among taxa, rate
variation across lineages and possibly within-site rate variation; such errors can be
problematic also over large datasets, where sampling bias has been ruled out (Philippe
et al. 2005).

These results support the hypothesis that the mitochondrial genome is not
merely a selectively neutral locus; clearly, some genes either evolve faster or are more
conserved than others, pointing out that purifying selection may exert differential
constraints on different parts of the genome. There is increasing evidence pointing out
that the mitochondrial selective neutrality assumption is invalid (Ballard and
Kreitman 1995; Popadin et al. 2013). Researchers hypothesise that selective pressure
in mtDNA may be maintained within populations via the joint mitochondrial-nuclear
genotype, which can be considered as a unit of selection (Dowling et al. 2008).

Clearly, there are single genes which manage to identify the general
phylogeny in a satisfactory way, with good support values, and confirm the status of
COI as a suitable marker to recover cryptic differentiation among closely related
earthworm taxa (Klarica et al. 2012), validating the results of the second chapter.
However, the incongruences between phylogenetic information and bootstrap support
between phylogenies point out that the use of multiple loci is more likely to recover
correct phylogenies, overcoming sample bias (Jeffroy et al. 2006). However, non-
phylogenetic signals, such as nucleotide composition bias among genes and within-

rate variation (Philippe et al. 2005) may still cause the recovery of an incorrect
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phylogeny from concatenated data, even with good support. Nucleotide compositional
bias has been recognised as causing most problems in terms of congruence, but this
occurs mainly in GC-biased datasets (Jeffroy et al. 2006) and all the genes considered
are AT-rich. AT-rich genes in phylogenomic studies have been shown to minimise
conflicts caused by compositional bias (Romiguier et al. 2013); therefore, we may
assume that this dataset is free from this kind of error; on the other hand, within-rate
variation could be the non-phylogenetic signal affecting ND4L, ND6 and ATP6, but
the fact that the majority of the trees show topologies identical or close to the whole
genome tree topology allows the inference that this kind of bias does not affect the
general topology.

These results may have implications for future works on the biology and
ecology of he L. rubellus species complex, particularly in the light of the discovery of
its broad cryptic diversity. Single genes reported in this study and capable of
retrieving the main topology with good statistical support, can be used singularly or in
combination to reliably assess the lineage, when needed, in a quicker and cost

effective manner.
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4.1 Introduction

The life-long interest of Charles Darwin in earthworms expressed in his first
article (Darwin 1838) and in his last, best-selling book during his lifetime (Darwin
1892), had the effect to change prior common views on these organisms. From being
considered soil pests, their useful and beneficial effects for soil and agriculture were
finally appreciated, which subsequently stimulated research on them. Today, the
primary functional roles that these animals play in their ecosystems have been
thoroughly investigated and recognised (Jones et al. 1997; Lavelle et al. 1997).

Fittingly, the 200" anniversary of Darwin’s Birthday in 2009 was coincident
with the start of the first efforts to sequence and annotate an earthworm genome, the
L. rubellus Genome Project (Elsworth 2012). Lumbricus rubellus is a common
Holarctic worm used as a model and a sentinel species by ecotoxicologists,
evolutionary biologists and soil ecologists. At the moment, the genome is in draft
form: 90% of the genome is represented, it is free of contaminating sequences and it
is in an appropriate form for general assessment of gene content (Chain et al. 2009),
but it is still highly fragmented, comprising 315,000 scaffolds with an average length
of 1,380 bp. Despite this high fragmentation level, the draft genome can be used as a
reference to find homologous regions between genomes of individuals representative
of cryptic lineages. The use of these genomic data could be also beneficial to infer the
past demographic histories of these individuals. Recently, a pairwise sequentially
Markovian coalescent (PSMC) model was applied to a complete human genome to
infer the history of its population size changes in the last million years (Li and Durbin
2011). This technical breakthrough has enabled the possibility for researchers to infer
population size changes using a single diploid genome.

During recent years, the development of sequencing technologies, and the
consequent decrease in the cost-per base of sequencing experiments, have been
primary factors for the constant shift from phylogenetics and phylogeography towards
an ‘omics’ dimension, and have found an answer to the need of more data in these
new technologies. Early phylogenetic and phylogeographic studies would compare
one or a few genes, with a strong focus on cost-effective and rapid sequencing of
mitochondrial DNA (mtDNA), to reconstruct evolutionary relationships among taxa
and infer the spatial-temporal dimension of genetic variation (McCormack et al.

2013). However, data limitation was recognised to be an issue, and the field
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consequently shifted to multilocus approaches, supported by theoretical developments
in statistical phylogeography (Knowles 2009) and the species-tree paradigm argument
in phylogenetics, which emphasises the inclusion of multiple loci to infer population
and species histories to account for random variation in gene inheritance patterns, or
coalescent stochasticity (Edwards 2009). However, the time and resources necessary
to screen and develop multiple molecular markers have been a limiting factor for a
long time. Hence, the introduction of Next Generation Sequencing (NGS) a few years
ago, was enthusiastically welcomed by researchers in phylogenetics and
phylogeography alike (McCormack et al. 2013). These disciplines are now at the
interface of the field of phylogenomics.

Phylogenomics occupies the intersection between evolutionary biology and
genomics (Eisen and Fraser 2003). A branch of this field is concerned with the use of
genomic data to reconstruct the evolutionary relationship between organisms. Access
to genomic data can solve issues related to sample size in previous phylogenetic
studies. Even though phylogenomics studies have shown their power in reconstructing
deep phylogenetic relationships in the tree of life (Delsuc et al. 2005), it is also
important to use genomic information to investigate the degree of divergence between
closely related taxa (eg peregrine and saker falcon, Zhan et al 2013), with the aim to
broaden the knowledge of divergence processes in L. rubellus and discover if the
observed mitochondrial (Chapter 2) and mitogenomic (Chapter 3) patterns can be
observed also at the nuclear level.

In this chapter, single nucleotide polymorphisms from eight whole genomes of
L. rubellus mapped against the L. rubellus draft genome (Elsworth 2012), and a
Lineage B transcriptome, were used to a) investigate phylogenetic relationships
between lineages at the genomic level, with the preliminary hypothesis that genomic
variation patterns would reflect mitochondrial variation patterns, and b) to assess
whether demographic signals could be retrieved from the genome data, to test the
hypothesis that they match with demographic trajectories previously elaborated with
the mitochondrial data. We wanted to answer the following questions: do we find the
same pattern of observed mitochondrial diversity and inferred population history in
the L. rubellus cryptic species complex at the nuclear genome level as with mtDNA?
And can we recover the demographic history of each lineage, given the limitation of

the current assembled genome?
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4.2 Materials and methods

4.2.1 Illumina reads mapping

The data used for this chapter were produced in the context of the same NGS
experiment used to gather the mitogenomic data analysed in the Chapter 3, from the
same eight L. rubellus individuals selected from different lineages in different
geographic locations across Europe. One of the individuals was a lineage B specimen
from the same population of the animal originally used to sequence the genome, and it
was chosen because of its AFLP and mitochondrial similarity with it (from the same
population of Andre et al., 2009). The genomic DNA was purified and sent to the
Gene Pool (University of Edinburgh). Library preparation and sequencing were
carried out by the Gene Pool technicians according to the details described in Chapter
1 and in Chapter 3.

Bioinformatic analysis of the NGS data was carried out in a Bio-Linux 7
operative system (Field et al. 2006), using the informatics resources of the Organisms
and the Environment (OnE) division, School of Biosciences, Cardiff University. The
produced Illumina raw reads where quality-checked with the fastQC software
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/) and then mapped to the
reference genome. For the genome alignment, a mapping performance test was
carried out by comparing how the algorithms BWA-ALN (Li and Durbin 2009),
BWA-SW (Li and Durbin 2010) and the CLC genomic workbench 6.5 suite (CLC
bio) performed in terms of percentage of mapped reads produced. The difference
between BWA-ALN and BWA-SW algorithms, both contained in the BWA package,
is in the way they carry out the alignment. BWA-ALN performs a global alignment,
which attempts to align every residue in every sequence; BWA-SW performs a local
alignment, which looks for similarity patterns within the sequences to be aligned (Li
and Durbin 2009; 2010). The CLC mapping algorithm is a local alignment by default,
but the program also offers the option to perform a global alignment. Local
alignments are more useful for more dissimilar sequences with expected patterns of
similarity.

Two different mappings were carried out. For the first mapping, the
transcriptome data of L. rubellus lineage B was used as a reference sequence in CLC.

The lineage B transcriptome data were provided by Craig Anderson (Commonwealth
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Scientific and Industrial Research Organisation, Australia) for analysis. The second
mapping was carried out using the draft genome of L. rubellus as a reference
(Elsworth 2012). The purpose of this strategy was to compare phylogenies obtained
where the polymorphic information was restricted to exonic regions with those
obtained with the whole genome SNP information. The aim was to check whether a
subset of only transcriptome SNPs, supposedly coming from more conserved regions,

could retrieve the phylogenetic signal when compared with whole genome SNP data.

4.2.2 Variant detection, demographic and phylogenetic analyses

A PSMC (Li and Durbin 2011) analysis was carried out on the Lineage B
genome mapping obtained with BWA-SW. Firstly, a diploid genome was called,
using the reference lineage B genome and the Illumina data from the S20 linecage B
individual, using the mpileup function in SAMtools (Li et al. 2009). Secondly, the
resulting file was used in the PSMC pipeline to retrieve the demographic signal.

Identification of variants was carried out for both datasets using the CLC suite.
Variant calls were exported as tab-delimited text files. A variant filtering software
(PedCreator, by Mario Barbato, Cardiff University) was used to identify and select
polymorphic SNPs with allele count >5 and coverage values between 10 (inclusive)
and 50. As the expected sequencing coverage was 20x, the filtering for SNPs with
coverage lower than 10 was carried out to set a minimum threshold for reliable SNPs
calls, whereas the filtering for a coverage higher than 50 was set to prevent the
inclusion of high-coverage mitochondrial or bacterial genetic signals in the genotypes.
The same software was used produced an output file in PLINK format (Purcell et al.
2007) only including SNPs shared by the eight populations. Further filtering was
carried out to include only biallelic SNPs, assuming that polyallelic SNPS derived
from sequencing errors, and only polymorphic SNPs were included in the final
dataset.

Both SNP files were converted into Phylip format with the program TASSEL
3 (Bradbury et al. 2007) and a maximum likelihood phylogenetic analysis was carried
out using the PHYML server (Guindon et al. 2010), with a General Time Reversible
(GTR) substitution model, leaving the program to estimate the empirical equilibrium
frequencies between sites and the gamma shape parameter. The branch support

method implemented was a Bayesian-like transformation of the approximate
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Likelihood Ratio Test (aBayes, Anisimova et al. 2011) implemented in the PhyML
server. For the transcriptome mapped SNPs, a Bayesian phylogenetic analysis was
carried out with MrBayes v3.2 (Ronquist et al. 2012). The analysis ran for 10°
iterations, sampling every 1,000 iterations, over 4 chains in two independent runs. A
General Time Reversible model with a gamma-shape parameter (GTR+G) was used,
as it is the most general and inclusive model of molecular evolution, ideal for a
selection of non-contiguous loci. The I parameter (proportion of invariable sites) was
not used as no invariable sites were included in the analysis. Even though discarding
invariant sites could cause errors in the estimation of the rate of variation among sites
and bias the phylogenetic inference (Steel et al. 2000), the invariable sites were
discarded from the analysis because A) it was necessary to reduce the amount of data
to a more manageable size B) the calling of an unknown proportion of these sites was
biased, as the reference genome was in a consensus haploid form and had a single
random allele call chosen at each heterozygous position and C) the called invariant
SNPs were still an underestimation of the real proportion of invariable sites across the
genome. Convergence of the runs was checked with the MrBayes implemented
diagnostic (standard deviation of split frequencies <0.05). A Bayesian phylogenetic
analysis was also carried out with the genome-mapped SNPs. The dataset was run for
10° iterations, with 2 independent runs of 4 chains each, sampling every ten iterations.
A GTR+G parameter was used also in this case and the convergence of the runs was

checked with the diagnostic implemented in MrBayes.

4.3 Results

4.3.1 Genomes mapping

For each of the eight genomes, four files, corresponding to two paired-end
libraries (two forward read files and two reverse read files, total size ~20 Gigabytes
per individual), were received in compressed fastq format (see Table 4.1), yielding on
average ~88 million reads per individual, with an estimated 20-fold coverage over the
L. rubellus genome. The read length distribution is reported in Figure 4.1; as
expected, the length distribution was uniform, with all the reads being between 100

and 102 in length. A significant reduction in the reads quality from the 85" nucleotide
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towards the end could be observed (Figure 4.2). Illumina outputs were consistent in

all the files, and the reported plots are representative of the overall features of each

raw read library.

Individual Reads n. % CLC % BWA-ALN % BWA-SW

A2 France 89,803,646  72.18 20.39 57.92
A3 Finland 102,040,060  73.10
Al UK 81,111,033 71.72
Al Hungary 77,938,900  74.82
C Serbia 96,505,662  72.18
D Hungary 84,599,256  73.70

B UK 86,237,138 82.38 54.66 77.87
F Spain 86,580,302  73.50

Table 4.1. Comparison between performances of mapping algorithms. The first column reports the
label of the sequenced individuals (Haplogroup Location). The second column represents the total
number of Illumina reads per individual. Columns 3, 4, and 5 report the percentage of reads mapped to

the reference using three different mapping algorithms: CLC genomic workbench, BWA-ALN and
BWA-SW.
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Distribution of sequence lengths over all sequences
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Figure 4.1. Sequence length distribution. Y axis represents the number of reads, the X axis represents
the sequence length. The grey area represents the 90% of the reads.
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Figure 4.2. FastQC box plots of quality scores per read position of [llumina data). Y-axis: Phred quality
scores. Higher scores mean better quality. The background is divided into three areas. The green area
comprises good quality scores; the orange area = average and the red area = poor quality. The yellow
area in the box represents the inter-quartile range from the 25™ to the 75™ percentile. The error bars
include the 10™ and the 90™ percentile. The red lines inside the box plot are the median value of phred
scores for the nucleotide range, and the blue curve represents the mean value.
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The test carried out between the default settings of BWA-ALN, BWA-SW and the
CLC genomic workbench mapping algorithm showed that, as expected, a local
alignment approach was most efficient in order to obtain the best mapping efficiency.
The test using two of the genomes (A2 France, from a distant lineage, and B, from
the same population as the reference) was carried out using the three methods. As is
shown in Table 4.1, the local alignment algorithm implemented in CLC was the most
efficient in mapping the reads. PSMC tests conducted on the lineage B mapped
genome were unsuccessful, probably because of the highly fragmented nature of the

reference genome.

4.3.2 Phylogenetic analyses

After retrieval of the variant calls for each genome, the calling of common variants,
the selection of only biallelic positions and the filtering of invariable polymorphisms,
the final PLINK-format file obtained from the variant comparison of the eight L.
rubellus genomes comprised 94,327 SNPs. After the same procedure, the genome-to-
transcriptome variant comparison resulted in, as expected, a significantly smaller
SNPs dataset of 4,993 markers.

The ML and Bayesian trees obtained with the exome SNPs are shown in Figure 4.3.
The trees display remarkably different topologies, both showing good statistical
support; in both cases, lineage B roots the tree, and the Hungarian Al individual
clusters together with the representative of the Balkan lineage C, but the other
lineages differ in terms of position between the trees. In the ML tree, the Balkan
lineage D follows lineage B as the most ancestral lineage, whereas in the Bayesian
tree the British A1 individual takes this position. The Spanish lineage appears close to
the A lineages in the ML tree, but additionally clusters with the Balkan D lineage in
the Bayesian tree. The trees are quite discordant, and show very different

configurations in comparison to the mitochondrial phylogenetic inference.
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Figure 4.3. Phylogenetic trees obtained with the transcriptome SNPs. A: Maximum Likelihood tree
obtained with the PHYML software; support values are Bayesian-like transformations of the
approximate Likelihood Ratio Test (aBayes) implemented in the PhyML server (Guindon et al. 2010).
B: Bayesian phylogenetic tree obtained with Mrbayes. Support values at the nodes are posterior
probabilities.
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As the topologies obtained in the ML and Bayesian analysis with the genomic

data were identical, the tree shown in Figure 4.4 shows just one common topology.

There is maximum branch support, both with posterior probabilities and Bayesian-like

transformations of the approximate likelihood ratio test (aBayes) over all the nodes.

The tree shows Lineage B as the most divergent lineage, followed by the Spanish

Lineage F, the Balkan specimen represented by lineage D, and the monophyletic

group between the specimens Al from UK, A2 from France and A3 from Finland.

This configuration is mostly in common with the mitochondrial phylogenies observed

in previous chapters; the discrepancies occur in the topology relative to the British Al

specimen, which clusters with one of the Balkan specimens, and the fact that the two

Balkan lineages cluster separately.
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Figure 4.4. Bayesian majority rule consensus tree obtained with a dataset constructed with genomic
SNPs. Support values shown are relative to posterior probability/Bayesian-like transformation of the
approximate Likelihood Ratio Test (aBayes) implemented in the PhyML server (Guindon et al. 2010).
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4.4 Discussion

In this study, eight individuals, representative of L. rubellus mitochondrial
cryptic clades across Europe, were selected for whole-genome NGS sequencing. The
plot in Figure 4.3 shows that the data quality is good overall, with the most of the
reads having an average phred score between 30 and 40, with significant dropping in
quality only over a minor fraction of the distribution of the read nucleotides (Figure
4.2). As expected, mappings using a local alignment algorithm were more efficient
than global alignment approaches. Global alignments perform better with similar
sequences, with roughly equal size (Needleman and Wunsch 1970). However, the
divergence between the genomes analysed in this study was probably too high to
obtain good quality mappings using a global alignment. Nonetheless, the Lineage B
individual chosen for this study comes from the same population as the reference
genome individual. In Chapter 3 it was shown that these individuals are almost
identical at the mitochondrial level. A Principal Component Analysis (PCA) carried
out with AFLP data in Andre et al (2009) clusters these individuals together also at
the nuclear level. The low global alignment mapping success of this individual (only
54%, Table 4.1) could perhaps be explained by previously undetected patterns of
genetic divergence between these individuals. Early mapping tests using less stringent
parameters and increased thresholds for mismatch penalties did not improve the
assemblies and were more computationally intensive than local alignment approaches.
Hence, the reason behind the average mapping quality when mapping Lineage B
against the reference B genome with global alignment requires further parameter
testing to be fully understood. A possible reason could be the fragmented nature of the
reference genome. Local alignment algorithms attempt to map the entire sequence of
the read to the reference: if the genome is highly fragmented, a significant part of the
reads could map at the extremities of the scaffolds, resulting in the reads that do not
overlap with enough bases being discarded, according to the threshold rules of the
global aligner. Local alignment mapping problems when assembling illumina short
reads were in agreement with other studies (Kofler et al. 2011), but inconsistencies of
global alignment were already noted in earlier studies about genome mapping
(Brudno et al. 2003), where it was observed that early local alignment algorithms,

such as Needleman and Wunsch (1970), Dialign (Morgenstern 1999), MUMer
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(Delcher et al. 1999, 2002) Avid (Bray et al. 2003) could not handle efficiently
rearrangements, gaps and mismatches when mapping sequences to a reference.

The two local alignment strategies, carried out with the BWA-SW and the
CLC genomic workbench, performed better than the global BWA-ALN algorithm.
The CLC genomic workbench mapping performance proved to be the best, as is
clearly shown in Table 4.1. The reason why CLC worked better than others is perhaps
due to a less stringent/more flexible mapping algorithm, with lower mismatch and/or
gap penalties. Unfortunately, a deeper understanding of the mechanisms of the CLC
mapping algorithm is not possible, as this is commercial software for which the
source code is not available. Although the local alignment algorithms mapped the
genomes most efficiently, this increase in mapping success could hide a bias: it has
been observed that local alignment algorithms can operate soft masking: if a
mismatch between the reference and a locally aligned read is observed at the end of
the reads, this mismatch can be ignored, resulting in an increased likelihood of
incorrectly mapped reads (Degner et al. 2009). This kind of bias has resulted in an
erroneous increase of reference allele frequencies in previous studies that have
compared mapping performances (Degner et al. 2009; Kofler et al. 2011). A way to
limit the problem, described in Kofler et al. (2011), is to carry out a mixed approach
(Paired End Smith-Waterman remap, PE-SW), using local alignment to map paired
end reads separately, and in case of only one read of the pair mapping, a local
alignment approach can be used to map the other read. The success of assemblies
carried out in this way was assessed comparing numbers of pairs correctly mapped in
different runs optimising for different gap and mismatch parameters. The opportunity
to use “glocal” (global+local) alignment approaches was already considered and
tested with success in early studies about genome mapping (Brudno et al. 2003). This
method was not implemented here for two reasons: A) a limit in informatics resources
and time B) the fact that the comparison of properly paired reads requires a defined
structure of L. rubellus chromosomes; thus, it was impossible to assess the proportion
of incorrectly mapped paired reads in local alignment, which could have been
consistent considering the fragmentation of the reference (Elsworth 2012).

The PSMC analysis attempted on lineage B genome did not succeed, probably
because of the nature of the PSMC algorithm. The fragmented nature of the draft
genome probably did not allow a reliable inference of past recombination events. The

program infers the time to the most recent common ancestor (TMRCA) on the basis
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of the density of heterozygotes in a diploid sequence, and estimates past changes in
population size from a model that approximates the coalescent from ancestral
recombination events (Li and Durbin 2011). All the studies that have used this
technique to date, used complete genomes, or drafts with high N50 scaffold values,
allowing them to infer recombination events over great distances (Cho et al. 2013;
Freedman et al. 2013; Ibarra-Laclette et al. 2013; Orlando et al. 2013; Prado-Martinez
et al. 2013; Wan et al. 2013; Zhan et al. 2013). The L. rubellus genome will probably
be completed and ready for publication in 2014. The use of these data in conjunction
with a completed reference genome may allow interesting insights on the different
demographic histories of the lineages.

Despite being derived from the same 4,993 SNP dataset, the ML and Bayesian
phylogenetic trees for the transcriptome SNPs dataset (in Figure 4.4) showed very
different cluster solutions. Both trees showed that Lineage B is the most divergent
lineage and that the Hungarian A1 clusters with the Serbian C, but the other inferred
phylogenetic relationships varied widely. It is remarkable that in almost all cases,
these incongruent relationships are statistically well supported. An important
challenge to phylogenetic inference, particularly in the era of phylogenomics, is to
ensure that topologies converge towards the correct answer, as an increasing number
of characters are included in the analysis (Felsenstein 1988). The construction of
phylogenies from single gene or a few orthologous genes often lead to incongruent
topologies, but usually in these cases the lack of statistical support helps to solve the
issue. In phylogenomics, inconsistency can be often masked by perfectly supported
statistical outcomes, whereas different phylogenetic reconstruction methods lead to
mutually discordant topologies (Phillips et al. 2004). Errors in phylogenetic inference
are mainly due to A) stochastic error, e.g. sampling bias due to insufficient
polymorphism over short DNA sequences; B) violation of the orthology assumption,
caused by gene duplications, horizontal gene transfer or lineage sorting (Jeffroy et al.
2006) and C) systematic error, given by non-historical processes which lead to non-
phylogenetic signals that violate assumptions of the models of phylogenetic inference
(Phillips et al. 2004). These non-phylogenetic biases can be interpreted as rate signal
(unaccounted variable rates across lineages; Felsenstein 1978), compositional signal
(heterogeneous nucleotide/amino acid compositions, which cause erroneous
clustering of taxa that share the same bias; Lockhart et al. 1994) and heterotachy (shift

of site-specific evolutionary rates over time; Philippe and Germot 2000;
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Kolaczkowski and Thornton 2004). Large datasets certainly overcome sampling bias,
and in most of the cases, non-orthologous biases can be overcome by the fact that
only a few genes are affected and the erroneous signal is supposedly buffered by the
genomic true signal. However, systematic error could appear regardless of the
quantity of the data (Felsenstein 1978).

In this case, a non-orthologous bias caused by incomplete lineage sorting at
the considered loci between L. rubellus populations could be the problem. The
incomplete sorting may be due to the fact that the protein coding genes, from which
this SNP dataset was drawn, are generally more conserved. Even over millions of
years of divergence between lineages inferred from mitochondrial data, a high degree
of conservation over a great proportion of protein-coding genes could be expected
(Maddison, 1997), considering the selective constraints imposed by the ecological
niche these animals occupy. However, the discrepancy could be due to systematic
bias. Given that only the transcriptome phylogenetic signal was considered, the
outcome could be due to the different evolutionary patterns of protein coding genes
and gene families, with different selection and evolutionary rates among the
considered sites. The methods used, ML and Bayesian inference, can arguably be
preferred over other methods, as they explicitly incorporate the processes of sequence
evolution in their models. More complex models should reduce the probability of
inconsistency. However, given the complexity of phylogenomic data and the
heterogeneity of evolutionary patterns, this might not hold in all cases. Therefore,
phylogenomics needs more realistic models of sequence evolution, and research in
this area is ongoing (Delsuc et al. 2005). These results also show that transcriptomic
data (e.g. Hartmann et al. 2012; Zhao et al. 2013) in phylogenomics should be
carefully considered and checked for errors, particularly when trying to assess
phylogenetic distance in closely related taxa.

The BS and ML phylogenetic inferences obtained with the full genomic
dataset, using 94,327 SNPs, and shown in the tree in Figure 4.5, show complete
topological concordance and high statistical support. The trees in this case also
confirm the deep divergent split between Lineage B and Lineage F and the other
lineages. It also shows relationships between A individuals as already inferred by
mitochondrial data. Discrepancies between this topology and the mitochondrial
topologies are found in the independent clustering between Balkan lineages C and D,

and the clustering of lineage C with the Hungarian A1l individual. Given the
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geographical proximity of these individuals, it can be hypothesised that a
hybridisation event between mitochondrial Al individuals and refugial Balkan
populations, which came into contact in the Carpathian area, is the cause of this
particular configuration. Alternatively, this signature could be due to systematic error.
A recent study indicates that GC-rich regions of the genome could lead to systematic
bias, because recombination events drive GC-content evolution through biased gene
conversion, causing problem in phylogenetic reconstructions, e.g. when there could
be incomplete lineage sorting, due to some gene genealogies not being concordant
with the species phylogeny (Romiguier et al. 2013). The L. rubellus genome AT
percentage is estimated at 59.22%. This increased AT content could help in retrieving
a correct phylogeny as far as the genome is concerned.

Finally, an unequivocal outcome of the analyses carried out in this chapter, is
the confirmation of the divergence of lineage B from all the other lineages. In all the
analyses, even the ones affected by systematic biases or incomplete lineage sorting,
Lineage B clearly stands out as a genetically isolated entity. This study confirms at
the genomic level what has been observed both at the nuclear and mitochondrial level
by previous studies (King et al. 2008; Donnelly et al. In Press). Nevertheless, it may
be possible that rare hybridisation events can happen between L. rubellus A and B.
An old study reported hybridisation between L. rubellus and a closely related species,
L. friendi (Evans and Guild 1948), an epigeic European worm, whose habitat overlaps
with L. rubellus (Sims and Gerard 1999). A hybridisation signal between lineages A
and B was also observed in Andre et al. (2009). However, it may be an artefact, as
AFLPs can incur fragment size homoplasy, with consequent problems in reliably
inferring patterns of genetic diversity (Caballero et al. 2008). The more recent
evidence points to genetic segregation between lineages, a possible hint that these
lineages are effectively reproductively isolated species.

A limitation of this study is related to the fact that, for reasons of time and
computational limitations, the full potential of the genomes data produced could not
be explored in its entirety. In particular, possible gene-specific analyses were not
carried out. Further investigations on these genomes could lead to discover possible
different functional pathways and key genes/gene families involved in responses to
environmental variables, such as climate and toxicity. Functional studies have
identified conserved orthologous genes involved in drug response in species of

ecotoxicological importance: a high degree of conservation in these regions may
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imply a selected response to a range of pollutants (Gunnarsson et al. 2008; Celander
et al. 2011). In the light of these findings, a possible future line of research would be
to explore these orthologs and the implications of their differentiation in response to
pollutants in the genomes of the L. rubellus lineages.

Further studies should focus on the extent of this divergence related to
ecological and functional differences, to fully understand the differential response
these clades may have to environmental changes, and better assess their role and

usefulness in ecotoxicological assays.
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This dissertation has examined the patterns of genetic cryptic differentiation in
a model earthworm species at a variety of genetic scales — from the single gene to the
genome. The hypothesis that L. rubellus is actually a cryptic species complex, with
deep mitochondrial divergent lineages scattered over its distributional range, was
examined using genetic and genomic data. I tested whether the L. rubellus diversity
pattern previously observed was consistent over a larger scale, which environmental
variables could be inferred to be driving this pattern and I explored the temporal and
geographical dimension of this variation, clearly influenced by the quaternary
glaciations. Finally, I selected a subsample of eight specimens for Next Generation
Sequencing, to test whether the differentiation pattern observed at the mitochondrial
level could be observed at the whole genome level, also investigating how
phylogenetic signals changed within different parts of the mitochondrial genome.
Combining species distribution modelling and mitochondrial data, I provided the first
study investigating an earthworm cryptic species complex at a continental scale using
a statistical phylogeography framework. This was also the first time that the genetic

diversity of a cryptic sentinel species was investigated at the genomic level.

5.1 Overview of main results

5.1.1 Overview of chapter 2: Paleoclimatic impact on cryptic diversity of the

earthworm Lumbricus rubellus in Europe

In this chapter, the spatial and temporal patterns of genetic diversity of L.
rubellus lineages were studied in a statistical phylogeographic framework. A broad
survey using mitochondrial markers commonly used in studies to detect cryptic
species in earthworms (King et al. 2008; Andre et al. 2009; James et al. 2010;
Fernandez et al. 2012; Klarica et al. 2012; Decaéns et al. 2013) was used. We tested
the hypothesis that genetic diversity in northern refugia is a subsample of the genetic
diversity of southern glacial refugia. This hypothesis was rejected, as eleven cryptic
lineages were found, with a phylogeographic structure suggesting a much more
complex scenario. Some lineages did show signatures of probable survival and
differentiation in southern glacial refugia, but other lineages could not be directly

linked with these areas and were probably descendants of demes that survived in
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cryptic northern or intermediate latitude refugia. The finding that L. rubellus is
actually a cryptic species complex, comprising different lineages over its geographic
range, was in agreement with what was already observed for the species (King et al.
2008; Andre et al. 2009; Donnelly et al. In Press) and another confirmation of the
high frequency of cryptic divergence processes in earthworms (Sturmbauer et al.
1999; Pérez-Losada et al. 2005; Erséus and Gustafsson 2009; Gustafsson et al. 2009;
Novo et al. 2009; Pérez-Losada et al. 2009; James et al. 2010; Novo et al. 2010;
Buckley et al. 2011; Novo et al. 2011; Fernandez et al. 2012; Cunha et al. 2013;
Shekhovtsov et al. 2013). It must be noted that the observed diversity of L. rubellus
across Europe could itself be a subsample of the real picture. A wider, more
systematic sampling is needed in order to have a better knowledge of this genetic
diversity over its natural range, the Holartic Europe, and the newly colonized areas
(North-Eastern and Eastern Europe and the Americas, (Sims and Gerard 1999; Tiunov
et al. 2006)). In particular, some areas that could not be covered in this study or where
the number of samples collected was small, for reasons depending on time, budget or
difficulty to find specimens (most remarkably, the Italian peninsula), could harbour
interesting signatures of past demographic history and survival both in Mediterranean
and in northern refugia.

The hypothesis regarding divergences within and among lineages A and B
from a common ancestor in the Pleistocene, was only partially accepted. Signatures
of past demographic change and divergence time estimates, integrated with SDM,
depicted a scenario of late Miocene colonisation of the continent mainly driven by
climatic factors, followed by vicariant events and isolation, most likely caused by the
impact of glaciations in the Quaternary period. Hypotheses on divergence were tested
in a statistical phylogeographic framework, highlighting that the current genetic
diversity scenario is likely the result of two main divergence events, occurring A)
during the Quaternary and B) during the late Miocene. While estimates of the time of
divergence were in agreement with genetic studies regarding the well-known patterns
of differentiation in Quaternary refugia occurring during the Pleistocene glaciations
(Hewitt 2000; Hewitt 2004; Stewart et al. 2010), some much older signatures of
divergence more likely link to the “washhouse climate” periods at the end of the
Miocene (Bohme et al. 2008) and the main divergence event of Lineage B from
Lineage A (and the other lineages) happened long before the Pleistocene. In addition,

the “Washhouse” phases may have played an important part in the continental
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colonisation of L. rubellus’ common ancestor. Tests on this hypothesis may shed a
new light on studies concerning the pre-Quaternary distribution of many taxa, in
particular those dependent to mesic environments, such as earthworms. The outcome
of SDM pointed out that some lineages could have survived in multiple cryptic glacial
refugia, including central Europe, the Carpathian basin and southern Ireland,
consistently with an increasing body of evidence of suitable conditions in territories
previously considered inhospitable for temperate biota (Kotik et al. 2006; Vega et al.
2010; Parducci et al. 2012; Finnegan et al. 2013).

The hypothesis regarding climatic variables being the most important factors
limiting the distribution of L. rubellus, rather than soil variables was accepted. The
SD modelling showed a strong correlation between certain climatic conditions and the
presence of L. rubellus, as opposed to soil characteristics, which minimally
contributed in the outcome of the model, and this was found both in the test and in the
training models. SDM appears to have captured a number of relevant features for the
requirements of L. rubellus: modelling sedentary species allows a higher probability
to identify the realised niche of the species, as opposed to the potential niche. This
increases the likelihood to capture the effective distribution of the species (Phillips et
al. 2006). Furthermore, the fact that such evolutionary distinct clades have a
conserved epigeic niche supports the SDM assumption of niche stability through time
(Phillips et al. 2006; Elith et al. 2011). A possible limitation of the models built in this
study concerned the soil variables chosen. Although climatic effects on epigeic
worms remain the best candidates in shaping their distributions, further testing with
an increased number of soil variables (e.g. heavy metal content, organic and inorganic
pollutants, land use etc.) which could not be implemented in the present modelling
because of data limitations and permission issues may be needed in order to build a
more complete assessment of soil variable effects, given their demonstrated
sensibility to chemical factors and soil pollutants (e.g. Spurgeon et al. 2003; Spurgeon

et al. 2004; Bundy et al. 2008; Svendsen et al. 2008).
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5.1.2  Overview of Chapter 3: Mitogenomics of cryptic diversity: exploring the deep

phylogenetic signal of Lumbricus rubellus

In this chapter, eight mitochondrial genomes isolated from NGS data obtained
from individuals representative of L. rubellus genetic diversity and distribution, were
chosen in order to describe the structure of the genome and investigate the cryptic
diversity signal at the mitogenomic level. The study gave interesting insights on the
mitochondrial genome structure. Although a high degree of similarity between L.
rubellus and L. terrestris mitochondrial genomes was found, an interesting difference
was highlighted, corresponding to a variable non-coding region situated between the
ND6 and CYTB genes. Further studies should investigate the intriguing possibility
that this region could include a type II intron, as the existence of such a structure in a
bilateran genome has already been documented (Vallés et al. 2008).

The hypothesis that single gene trees could reproduce a phylogeny obtained
using the concatenated sequence of all the genes was rejected. Although the majority
of genes gave phylogenies quite similar to the whole mitochondrial phylogenetic
signal, some topologies varied, hinting at different evolutionary pressures acting on
different parts of the mitochondrial genome. These results support evidence against
selective neutrality of the mitochondrial genome (Popadin et al. 2013). The
hypothesis of correlation between phylogenetic and certain statistical parameters was
also rejected. No correlation was found between statistical parameters calculated from
the dataset and phylogenetic signals. Probably, the technique I used was not refined
enough to detect correlations; an alternative approach, accounting for standardisation
of parameters, may be better in detecting some relationships (Legendre and Lapointe
2004). There is also the possibility that non-phylogenetic signals masked such

correlations, most likely within-site rate variation (Phillips et al. 2004).

5.1.3  Overview of chapter 4: Phylogenomic analysis of Lumbricus rubellus cryptic

clades

In this chapter, NGS data from the eight whole genomes of the same
individuals used for Chapter 3 were investigated, in order to explore the phylogenetic
relationships between selected individuals at the nuclear level. The aim was to

compare phylogenetic signals between mitochondrial and nuclear data, so as to
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investigate the real extent of the diversification process between lineages. The
analyses consisted, in the first instance, of a methodological comparison between
global and local alignment methods to map the reads to two reference datasets, a
transcriptome and a genome of L. rubellus lineage B. While local alignment was
found to be more efficient, there is also a higher likelihood of incorrectly mapped
reads using only local alignment approaches (Degner et al. 2009; Kofler et al. 2011).
A mixed approach combining local and global alignment mapping algorithms could
potentially maximise mapping efficiency at the same time as reducing mapping errors
(Brudno et al. 2003; Kofler et al. 2011).

To test the hypothesis that nuclear and demographic signals present similar
patterns to those observed in mitochondrial data, SNPs were extracted from both
datasets and a comparison of phylogenies was carried out. The hypothesis was
partially rejected, as the outcomes of the analysis indicate that the phylogenetic
information contained in the genome is only consistent with the mitochondrial
phylogeny in certain features. Firstly, the phylogenies constructed with SNP data
from the transcriptome led to contrasting results in term of topology, but with high
support values. This is likely a limitation due to the fact that SNP data from
transcriptomes is not appropriate for building reliable phylogenies, because of likely
violations of orthology assumptions, such as incomplete lineage sorting (Jeffroy et al.
2006) or systematic errors due to non-phylogenetic signals (Phillips et al. 2004) which
can appear regardless of the quantity of the data (Felsenstein 1978). The phylogenies
constructed using genomic SNPs showed congruency both in topology and in branch
support, but these phylogenies, while congruent with mitochondrial data regarding the
separation between the A, B and F lineages, seem to indicate a possible hybridisation
event has occurred between the Serbian lineage C and Al. It is possible that
populations from A1 and C came into contact during previous postglacial expansions
in the Carpathian area, following the common process of hybrid zone formation after
post-glacial recolonisation (Hewitt 2001). Remarkably, lineage A and B live in
sympatry, but the outcome of this study, in agreement with previous microsatellite
evidence (Donnelly et al. In Press) inferred reproductive isolation between the two,
supporting the hypothesis that these clades are effectively cryptic species. The only
contrasting result (Andre et al. 2009) inferring a hybridisation event between clades is
now likely to have been an artefact due to size homoplasy in AFLPs (Caballero et al.

2008). Unfortunately, it was not possible to test the hypothesis of whether genomic
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demography was consistent with mitochondrial data. The genome of L. rubellus,
although in draft form, was too fragmented to allow the PSMC algorithm (Li and
Durbin 2011) to calculate past demographic changes with an approximation of the
coalescent from recombination events.

The key limitation of this study is that I could not properly exploit the full
potential of the genomes obtained during this study, in terms of identifying genes
involved in important adaptive pathways and investigating their evolutionary signals.
Although fragmented, the L. rubellus draft genome is in appropriate form to assess
gene content (Chain et al. 2009; Elsworth 2012) and could be used as a reference to
find homologous regions and investigate important functional differences in key
genes or gene families involved in adaptation to e.g. epigeic niche, response to
pollutants and local adaptation to environmental variables (e.g. Qiu et al. 2012; Zhan

etal. 2013).

5.2 Is L. rubellus really a cryptic species complex?

This is the first study where a multidisciplinary approach involving species
distribution modelling, barcoding markers and genome-wide differentiation has been
used to explore cryptic variation and evolution in earthworms. Despite some
incongruences, mainly concerning the more closely related lineages, the phylogenetic
relationships inferred both at the genomic and mitogenomic level are convergent in
the definition of at least three entities (The A-C-D lineages cluster, lineage F from
Spain and lineage B from UK) which clearly carry genomic signatures of ancient
segregation, genetic drift and divergence. The fact that such a high phylogenetic
resolution strongly supports genetic segregation between these entities, indicates that
these clades are different species, descending from ancestral demes which became
separate because of climatic vicariant events during the last 6 millions years. Low
dispersal capacities (Marinissen and Van den Bosch 1992), genetic drift and isolation
by distance before and during the Pleistocene (Hewitt 2000) may be the causes of
such variation. This evidence is supported by their patterns of geographical
distribution, as well as the estimated niche during the last 135,000 years evidenced by
species distribution modelling. In addition, the particular patterns of distributions of

lineages A, B, the German lineages G and H and perhaps the Balkan lineages C and
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D, suggest the existence of different cryptic refugia where they could have survived in
isolation and where they started recolonizing once the climatic conditions became
warmer (Stewart and Lister 2001). In particular, niche models showed the existence
of a vast and continuous area of habitat suitability corresponding to a region of tundra
including parts of southern Ireland, Great Britain and the seafloor of the Celtic Sea,
extending southwards over the Atlantic coast of France and Iberia until the western
Galician coastline. This area was previously identified in niche modelling studies
(Vega et al. 2010) and could link evidence of Irish (Stewart and Lister 2001) and
north-western French northern refugia (Finnegan et al. 2013) with the observed
presence of haplotypes shared between Iberian regions and Ireland, a phenomenon
called “Lusitanian pattern” (Corbet 1961; Searle 2008). Further studies should test
this hypothesis, as such a region could have an important impact in the understanding
of gene flow, migration and diversification processes during the Pleistocene.
Nevertheless, a human contribution to their distribution and its implication in the
Lusitanian pattern in many species cannot be ruled out, and it is the most probable in
some cases (McDevitt et al. 2011). What emerges from our study and from the
literature is a very tangled scenario where human mediated dispersal, survival and
divergence in refugia and in microclimatic patches of habitat suitability, in addition to
postglacial recolonisation patterns, could all contribute to explaining past distribution
and divergence processes. Most likely, the signature of diversification processes
observed in L. rubellus during its Miocene and Pleistocene history had an impact on
other peregrine lumbricid species. Cryptic speciation in peregrine lumbricid species is
now a recognised phenomenon; I argue, in the light of my results, that future
investigations on the origins of cryptic divergence in holartic earthworm taxa cannot

disregard SDM frameworks as essential tools to explain their past distributions.

5.3 Implications for L. rubellus as a sentinel species

This study showed that, in L. rubellus, some commonly used barcoding genes
had the capacity to give a good estimation of the deep phylogenetic relationships
between lineages. These results confirm the power of barcoding markers in assessing
phylogenetic relationships between closely related cryptic clades (Decaéns et al.

2013). In addition, the concordance between the genomic data and mitochondrial
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phylogenetic signals for the most distant clades implies that the high degrees of
mitochondrial divergence reflect real speciation processes, with a concurrently
increased likelihood of differential genetic responses to pollutants in ecotoxicological
assays (Simonsen et al. 2004; Erséus and Gustafsson 2009). In the light of the power
of these markers in detecting cryptic variation, and the need to have genetically
homogeneous animals in ecotoxicological essays (Erséus and Gustafsson 2009), it is
of primary importance to implement COI barcoding in the standardisation of every
ecotoxicological study using sentinel earthworm species. However, what has been
found for L. rubellus in terms of correlation between mitochondrial and nuclear
divergence degrees might not hold for all sentinel species and, furthermore, analyses
could be complicated by the retention of paralogous mitochondrial copies in the
nuclear genome (numts; Funk and Omland 2003). Therefore, future assessments may
include nuclear markers, such as in some recent phylogeographic studies on
earthworm cryptic speciation (Novo et al. 2010; Fernandez et al. 2012) or could be
conducted in a phylogenomics framework, using NGS data to infer the real depth of
phylogenetic relationships and also acquiring data that can give insights on gene

function and adaptation (Gunnarsson et al. 2008).

5.4 Future perspectives

The L. rubellus genome project is at an advanced stage. Additional data in the
form of multiple insert mate-pair libraries or 3™ generation sequencing long reads
(e.g. Pacific Biosciences) is likely to solve the issues regarding the assembly of the
complete genome from a series of short reads (Elsworth 2012). Once complete,
inference of recombination events and past demography using the genomes produced
will be possible. This will give an unprecedented insight into the complex scenario of
a cryptic species’ complex history. Probably, access to these data will lead to more
insights regarding the species’ divergence and speciation in the light of the different
histories obtained from mitochondrial and nuclear genes (Li and Durbin 2011), and
the evolutionary pressure exerted on these animals by the climatic shifts of the
Pleistocene.

A more immediate task, as it is already feasible with the present draft genome,

may concern the assessment of orthologous genes, so as to undertake studies on
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functional genes and gene families, and the functional differences these genes may
have evolved. An interesting line of research could be related to the presence of
conserved gene targets in wild species with high affinity interactions to a wide range
of chemical substances (Gunnarsson et al. 2008). The presence of such evolutionary
targets in a given species is associated with an increased risk of environmental
contamination, and it has been recommended that wildlife taxa in mesic/aquatic
environments should be used in risk assessments for environmental pollution,
extrapolating effects from a series of test species to all the species of that group in the
environment. This process, labelled “species extrapolation” (Celander et al. 2011)
could be applied to L. rubellus genome data in order to evaluate the differential
presence of such target in the different genomes, which could lead to the
identification of an “optimal” L. rubellus clade to be selected for environmental risk

assessment.
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6.1 Demography supporting figures
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Figure 6.1. Bayesian Skyline Plots (BSP) and Mismatch Distributions (MD) of the BAPS clusters Al
(left) and A2 (right). The black line of the BSP represents the median estimate of the population size
Nep over coalescent intervals, with the blue lines representing the confidence intervals. The MD shows
the observed (bar plots) and the expected (line plots) values of the distribution of pairwise differences.
The two clusters clearly show a signature of past expansion.
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Figure 6.2. Bayesian Skyline Plots (BSP) and Mismatch Distributions (MD) of the BAPS clusters A3
(left) and C (right). The black line of the BSP represents the median estimate of the population size
Nep over coalescent intervals, with the blue lines representing the confidence intervals. The MD shows
the observed (bar plots) and the expected (line plots) values of the distribution of pairwise differences.
A3 graphs show a stable population, whereas the Balkan linecage C shows a clear signature of
expansion.
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Figure 6.3. Bayesian Skyline Plots (BSP) and Mismatch Distributions (MD) of the BAPS clusters D
(left) and E (right). The black line of the BSP represents the median estimate of the population size Nep
over coalescent intervals, with the blue lines representing the confidence intervals. The MD shows the
observed (bar plots) and the expected (line plots) values of the distribution of pairwise differences.
These two clusters show signatures of stable demographics through time.
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Figure 6.4. Bayesian Skyline Plots (BSP) and Mismatch Distributions (MD) of the BAPS clusters B
(left) and F (right). The black line of the BSP represents the median estimate of the population size Nep
over coalescent intervals, with the blue lines representing the confidence intervals. The MD shows the
observed (bar plots) and the expected (line plots) values of the distribution of pairwise differences.
Lineage B shows a signature of expansion starting 25,000 Ybp, just before the start of the Ice retreat
phase. According to the BSP, the Spanish lineage F shows a stable population demography for the last
million of years.
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Figure 6.5. Bayesian Skyline Plots (BSP) and Mismatch Distributions (MD) of the BAPS clusters G
(left) and H (right). The black line of the BSP represents the median estimate of the population size
Nep over coalescent intervals, with the blue lines representing the confidence intervals. The MD shows
the observed (bar plots) and the expected (line plots) values of the distribution of pairwise differences.
These two clusters clearly show signatures of stable demography through time.
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6.2 Species distribution modeling evaluation

6.2.1 Standard deviation maps

Each map of niche distribution modeling had a standard deviation map (SD)
associated, which expressed the variation of habitat suitability obtained across the ten
replicates. Small SD values across the predicted landscape indicate high predictive
capacity of a variable, while large SD values indicate a variable with little information

to discriminate environmental niche suitability. SD maps are reported in Figure 6.6.

Figure 6.6. Standard deviation (SD) maps of the species distribution model run in Maxent. The color
scale represents SD point values on the maps, with higher values represented by warmer colors. A: SD
map of the 10 replicated models of the present time; B,C: maps of the standard deviation of the 10
replicated models applied to the environmental layers of CCSM (B) and MIROC (C). The standard
deviation of both models showed there was little difference among the 10 model replicates when
projected to the CCSM and MIROC environmental variables, with slightly higher variability relative to
the MIROC replicates; D: map of the standard deviation of the 10 replicated models applied to the
environmental layers of the LIG. Also in this case, the standard deviation of the replicate runs was low.
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6.2.2 Model performance evaluation: AUC, MESS and MoD analyses

Model performance was evaluated by an estimate of the Area Under the Curve

(AUC) of the Receiving Operating Characteristics (ROC). ROC measures the ability

of the prediction to discriminate the presence of the species from the absence (Elith et

al. 2010). AUC values range between 0.5 (the model performs like a random variable)

and 1 (the model can reliably discriminate between suitable and unsuitable points in

the landscape). The average AUC for the current distribution across 10 replicates

performed better than the random model, with averaged values of 0.93 for the training

data and 0.87 for the test data. Figure 6.7 shows the AUC curve for test data averaged

for all the 10 replicate runs; the averaged curve of the test data represents the real test

of the model predictive power.
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Figure 6.7. AUC estimation for the Lumbricus rubellus current distribution, calculated on the test data
averaged for 10 replicates. The red line represents the mean AUC of the test data across the replicates,
and the blue area represents the standard deviation. The black line represents a random prediction
scenario. The test AUC has a value of 0.875, suggesting a good predictive capacity of the model.

171



Pierfrancesco Sechi | Ph. D. Thesis

A Multivariate Similarity Surface (MESS) analysis and the Most Dissimilar
Variable (MoD) analysis were performed to assess the reliability of the projection of
the present day model to the past, and to evaluate the sustainability of the model,
respectively. MESS measures the similarity of any given point to a reference set of
points, relative to the chosen predictor variables (used for model training), it gives
negative values for dissimilar points and builds a map of the continuous distribution
of these values across the whole region of the projection (Elith et al. 2010). The
resulting map enables inference of values outside the predictor value range, where
model predictions should be interpreted with caution. The MESS maps help to
understand what areas are affected with extrapolation and to what extent, as they are
built comparing the environmental variables of the projections with the contemporary
ones, used for training. The MoD maps underline what are the variables outside the
training range.

When the MESS maps of CCSM and MIROC model of the LGM (Figure 6.8)
are commpared, it is evident that the first model is much more affected by variables
outside their range, than the MIROC one. The CCSM MoD map points out that the
variables outside their training range are BIO2 (Mean monthly diurnal temperature
range) and BIO3 (Isothermality, that is, the ratio between BIO2 and temperature
annual range) (Figure 6.9). The LIG niche distribution model predicts areas of
suitability close with the postulated refugia, even though in some areas, the suitability
is greatly reduced; that is, the Alp region, for lineages D and E; the North of Spain,
for lineage C; and Brittany and the British Isles, where the B lineage could have
survived. The model only fails to predict suitability over the Balkan area, but the
MESS and MoD maps of the model evidence that one of the variables is out of range
in that area; the variable responsible is BIO7 (temperature annual range), which is the
most important variable according to all the estimates of variable importance.

Therefore, predictions for the Balkan area for the LIG could not be resolved.
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Figure 6.8. MESS maps of the paleodistribution model projections. A,B: LGM CCSM model (A) and
the MIROC model (B). C: LIG model. Red areas depict paleoclimatic variable values out of range.

173



Pierfrancesco Sechi | Ph. D. Thesis

Figure 6.9. A, B: MoD maps of the LGM CCSM model (A) and the MIROC model (B). The main
variables outside the range are mean diurnal range (Bio2) and Isothermality (Bio3) for CCSM, and
mean temperature of the wettest quarter (Bio8) for MIROC; C: The LIG MoD map shows that the
model’s extrapolated area is mainly towards the east of the range, and the temperature annual range
(Bio7) is the variable responsible of this.
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6.3 Samples information

Haplo Haplo

Individual group type Locality lon lat Collector Collection method

AUS.A.02 A3 1 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.04 A2 2 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.05 H 3 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.14 G 4 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.15 H 3 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.16 G 5 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.17 G 6 Austria 11.60 47.25 Anita Juen silico (fasta sequences)
AUS.A.18 G 6 Austria 11.60 47.25 Anita Juen silico (fasta sequences)

Mike Bruford, Peter
Kille, John Morgan,
AZ0O.A.01 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,
AZO.A.02 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,
AZO.A.03 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,
AZO.A.04 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,
AZO.A.05 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,
AZO.A.06 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,
AZO.A.07 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting

Mike Bruford, Peter
Kille, John Morgan,

AZ0O.A.08 Al 7 Azores -25.39 37.78 Marta Novo, Luis Cunha | Hand sorting
Pierfrancesco Sechi,

B10A 1 47 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B10B A2 48 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B1A A3 35 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B1B Al 36 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B2B Al 37 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B3A A3 38 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B3B A2 39 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B4A A2 40 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B4B A2 41 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B5SA E 42 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B6OA A3 43 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B7A Al 44 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B7B A2 40 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B8A A2 45 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B&B A3 43 Holland 4.77 51.76 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

B9B 1 46 Holland 4.77 51.76 Robert Donnelly Hand sorting

C1B Al 49 Holland 5.65 51.9 Pierfrancesco Sechi, Hand sorting
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Robert Donnelly
Pierfrancesco Sechi,
C2A Al 37 Holland 5.65 51.9 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
C2B A2 50 Holland 5.65 51.9 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
C4A A2 51 Holland 5.65 51.9 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
C5A Al 52 Holland 5.65 51.9 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
C6A A2 53 Holland 5.65 51.9 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
C9A Al 54 Holland 5.65 51.9 Robert Donnelly Hand sorting
John Morgan, Robert
ECO.01 Al 21 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO0.02 B 104 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO.05 B 105 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO0.06 B 106 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO0.07 Al 122 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO0.09 B 104 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO.10 B 107 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO.13 A2 124 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO.14 Al 122 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO.15 Al 122 UK -3.74 52.35 Donnelly Hand sorting
John Morgan, Robert
ECO.16 B 108 UK -3.74 52.35 Donnelly Hand sorting
FIN.A.02 A3 8 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.03 A3 8 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.04 A3 9 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.05 A3 10 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.06 A3 10 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.07 A3 9 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.08 A3 8 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.10 A2 11 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.A.11 A3 10 Finland 23.12 63.28 Jari Haimi Received in vivo
FIN.B.01 A2 12 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.03 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.05 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.06 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.08 A2 12 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.09 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.10 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.11 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.12 A2 13 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.13 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.14 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.15 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.16 A3 9 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.17 A3 10 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.B.18 A3 10 Finland 25.79 62.21 Jari Haimi Received in vivo
FIN.C.01 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.02 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.03 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.04 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.05 A3 14 Finland 22.42 60.99 Visa Nuutinen Received in vivo
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FIN.C.06 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.07 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.08 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.09 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.10 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.11 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.12 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.13 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.14 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.15 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.16 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.17 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.18 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.19 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.20 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.21 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.22 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.23 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.24 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.25 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.26 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.27 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.28 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.29 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FIN.C.30 A3 10 Finland 22.42 60.99 Visa Nuutinen Received in vivo
FRA.A.02 Al 15 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.03 A2 16 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.04 A2 17 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.05 Al 7 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.07 Al 18 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.08 Al 7 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.09 A2 19 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.10 Al 7 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.11 A2 16 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.12 Al 18 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.13 Al 15 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.14 A2 16 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.15 A2 20 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.17 Al 18 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.18 A2 16 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.19 A2 19 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.21 Al 15 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.22 Al 21 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.23 Al 15 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.24 Al 7 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.25 Al 7 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.26 A2 19 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.27 A2 22 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.28 A2 20 France 3.04 50.68 Frank Vanderbulcke Received in vivo
FRA.A.29 Al 7 France 3.04 50.68 Frank Vanderbulcke Received in vivo
Pierfrancesco Sechi,
GER.A.01 A2 23 Germany 11.43 47.73 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
GER.A.03 A2 23 Germany 11.43 47.73 Robert Donnelly Hand sorting
Pierfrancesco Sechi,
GER.A.04 H 3 Germany 11.43 47.73 Robert Donnelly Hand sorting
GER.A.05 H 3 Germany 11.43 47.73 Pierfrancesco Sechi, Hand sorting
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Robert Donnelly

Pierfrancesco Sechi,

GER.A.06 H 3 Germany 11.43 47.73 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.A.07 H 24 Germany 11.43 47.73 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.A.13 H 3 Germany 11.43 47.73 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.A.14 H 3 Germany 11.43 47.73 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.C.02 G 25 Germany 7.97 47.92 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.C.03 G 26 Germany 7.97 47.92 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.C.05 E 27 Germany 7.97 47.92 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.C.07 G 28 Germany 7.97 47.92 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.C.08 H 29 Germany 7.97 47.92 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.C.11 G 30 Germany 7.97 47.92 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.D.O1 G 31 Germany 8.00 4791 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.D.04 A2 32 Germany 8.00 4791 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.D.09 A2 32 Germany 8.00 4791 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.D.10 A2 33 Germany 8.00 4791 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.D.11 G 34 Germany 8.00 4791 Robert Donnelly Hand sorting
Pierfrancesco Sechi,

GER.D.14 G 31 Germany 8.00 4791 Robert Donnelly Hand sorting
John Morgan, Robert

GLF.01 B 109 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.02 B 110 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.04 B 111 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.05 B 112 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.06 B 110 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.07 B 109 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.08 B 113 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.11 B 114 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.14 B 109 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.15 B 109 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.16 B 109 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.17 B 109 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.19 B 115 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

GLF.20 B 116 UK -2.79 51.31 Donnelly Hand sorting
John Morgan, Robert

HAH.02 Al 122 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert

HAH.03 Al 122 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert

HAH.04 Al 125 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert

HAH.05 Al 122 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert

HAH.06 Al 126 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert

HAH.07 Al 21 UK -2.65 51.51 Donnelly Hand sorting
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John Morgan, Robert

HAH.08 Al 7 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert
HAH.09 Al 122 UK -2.65 51.51 Donnelly Hand sorting
John Morgan, Robert
HAH.10 Al 122 UK -2.65 51.51 Donnelly Hand sorting
HUN.A.01 D 55 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.02 D 56 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.03 D 55 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.04 D 55 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.05 D 55 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.08 D 57 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.09 D 58 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.10 D 57 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.A.11 D 59 Hungary 16.43 47.66 Csuzdi Csaba Received in vivo
HUN.B.O1 Al 60 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.02 E 61 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.03 Al 60 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.04 Al 60 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.05 Al 62 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.07 Al 63 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.08 Al 63 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.09 Al 64 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.10 Al 60 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
HUN.B.11 Al 60 Hungary 18.85 47.64 Csuzdi Csaba Received in vivo
Tommaso Zanetti,
ITA.A.09 A2 65 Italy 11.18 45.44 Pierfrancesco Sechi Hand sorting
Tommaso Zanetti,
ITA.A.14 A2 66 Italy 11.18 45.44 Pierfrancesco Sechi Hand sorting
Tommaso Zanetti,
ITA.A.17 A2 67 Italy 11.18 45.44 Pierfrancesco Sechi Hand sorting
Tommaso Zanetti,
ITA.A.20 A2 68 Italy 11.18 45.44 Pierfrancesco Sechi Hand sorting
Tommaso Zanetti,
ITA.A.30 A2 68 Italy 11.18 45.44 Pierfrancesco Sechi Hand sorting
Tommaso Zanetti,
ITA.A.42 A2 69 Italy 11.18 45.44 Pierfrancesco Sechi Hand sorting
POL.A.01 A3 43 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.A.03 A2 39 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.A.04 E 70 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.A.06 A3 71 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.A.07 E 72 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.A.08 A2 39 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.A.10 E 73 Poland 19.63 50.12 Barbara Ptytycz Received in EtOH
POL.B.01 E 74 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.02 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.03 Al 76 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.05 Al 77 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.06 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.08 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.09 Al 77 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.10 A2 39 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.11 Al 77 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.12 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.13 Al 37 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.14 Al 77 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.15 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.16 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.17 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.18 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
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POL.B.20 A2 79 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.21 Al 77 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.22 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.23 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.24 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.25 A2 39 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.26 A3 78 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.27 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.28 Al 37 Poland 19.49 50.29 Iwona Giska Received in vivo
POL.B.30 Al 75 Poland 19.49 50.29 Iwona Giska Received in vivo
SER.A.02 C 80 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.03 C 81 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.04 C 82 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.05 C 83 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.06 C 84 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.07 C 85 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.08 C 86 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.09 C 87 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.10 C 88 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.11 C 89 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.12 C 90 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.13 C 91 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.14 C 92 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.16 C 93 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.18 C 94 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.19 C 95 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SER.A.23 C 96 Serbia 19.91 44.08 Mira Stojanovic Received in vivo
SPA.A.01 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.02 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.03 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.04 F 98 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.05 F 99 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.06 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.07 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.08 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.09 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.10 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.11 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.12 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.13 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.14 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.15 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.16 F 100 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.17 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.18 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.19 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.20 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.21 F 101 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.22 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.23 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.24 F 97 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.25 F 100 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SPA.A.26 F 102 Spain -8.68 42.16 Fuencisla Marifio Received in vivo
SWE.A.05 A3 10 Sweden 17.71 59.72 Jan Lagerlof Received in vivo
SWE.A.11 A3 10 Sweden 17.71 59.72 Jan Lagerlof Received in vivo
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SWE.A.14 A3 103 Sweden 17.71 59.72 Jan Lagerlof Received in vivo
John Morgan, Robert
WEM.01 B 117 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.02 Al 122 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.03 Al 122 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.04 B 118 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.05 Al 122 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.06 Al 122 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.08 Al 21 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.09 Al 122 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.10 Al 21 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.11 Al 21 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.12 B 119 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
WEM.14 Al 122 UK -3.88 52.34 Donnelly Hand sorting
John Morgan, Robert
YST.01 B 120 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.02 B 104 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.03 B 104 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.04 B 104 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.05 B 104 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.06 B 121 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.07 B 104 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.09 Al 122 UK -3.69 52.36 Donnelly Hand sorting
John Morgan, Robert
YST.10 B 104 UK -3.69 52.36 Donnelly Hand sorting
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Table 7.1. Mitochondrial genome profiles of Lumbricus rubellus lineages. Start and end position,
length, start codon, stop codon, intergenic nucleotides and AT% are shown. The number of intergenic
nucleotides is negative when there is an overlap between loci.

" Truncated stop codons, terminated by post-transcriptional modification (polyadenilation).

position from- Start Stop Intergenic

to Size Codon Codon Nucleotides AT%
COI 1-1540 1540 ATG T 57.86
tRNAAT 1541-1601 61
Coll 1602-2286 685 ATG T! 1 61.02
tRNAAP 2288-2348 61
ATPS8 2349-2508 160 ATG T 71.25
tRNA™" 2509-2571 63 2
tRNASY 2570-2632 63 1
COIII 2634-3411 778 ATG T 1 56.17
tRNACM 3413-3481 69
ND6 3482-3955 474 ATG TAG 73.38
UNK 3956-4387 432
CYTB 4388-5536 1149 ATG  TAA 29 60.81
tRNAT? 5566-5627 62 2
ATP6 5630-6323 694 ATG T 59.94
tRNAAE 6324-6390 67
nCR 6391-6675 285
tRNAMS 6676-6738 63
ND5 6739-8464 1726 ATG T! 1 62.40
tRNAPe 8466-8527 62
tRNACM 8528-8591 64 2
tRNAP™ 8590-8652 63
tRNAT" 8653-8714 62
ND4L 8715-9011 297 ATG TAA -7 64.65
ND4 9005-10361 1357 ATG T 63.89
tRNASYS 10362-10426 65
tRNAMe 10427-10489 63
s-TRNA 10490-11273 784 59.92
tRNAY™ 11274-11337 64 1
I-rRNA 11339-12580 1242 66.53
tRNAM 12581-12641 61
tRNAM® 12642-12703 62
tRNAS 12704-12766 63 1
tRNAM 12768-12831 64 1
ND1 12833-13757 925 ATG T 62.70
tRNA"® 13758-13821 64
tRNAM® 13822-13887 66
ND3 13888-14239 352 ATG T 64.49
tRNAS 14240-14303 64
ND2 14304-15309 1006 ATG T 66.30

Al (UK)

183



Pierfrancesco Sechi | Ph. D. Thesis

position from- Start Stop Intergenic

Gene name to Size Codon Codon Nucleotides AT%
COI 1-1540 1540 ATG T 58.25
tRNAAT 1541-1601 61

Coll 1602-2286 685 ATG T! 1 61.31
tRNAAP 2288-2348 61

ATPS8 2349-2508 160 ATG T 70.00
tRNA™" 2509-2571 63 2

tRNASY 2570-2632 63 1

COIII 2634-3411 778 ATG T 1 56.56
tRNACM 3413-3481 69

ND6 3482-3955 474 ATG TAG 75.23
UNK 3956-4387 432

CYTB 4388-5536 1149 ATG  TAA 29 61.60
tRNAT? 5566-5627 62 2

ATP6 5630-6323 694 ATG T 60.95
tRNAAE 6324-6390 67

nCR 6391-6717 327

tRNAMS 6718-6780 63

ND5 6781-8506 1726 ATG T! 1 62.80
tRNAPe 8508-8569 62

tRNACM 8570-8633 64 2

tRNAP™ 8632-8694 63

tRNAT" 8695-8756 62

ND4L 8757-9053 297 ATG TAA -7 63.64
ND4 9047-10403 1357 ATG T 64.63
tRNASYS 10404-10468 65

tRNAMe 10469-10531 63

s-TRNA 10532-11315 784 60.97
tRNAY 11316-11379 64 1

I-rRNA 11381-12622 1242 66.69
tRNAM 12623-12683 61

tRNAM® 12684-12745 62

tRNAS 12746-12808 63 1

tRNAM 12810-12873 64 1

ND1 12875-13799 925 ATG T! 62.92
tRNA"® 13800-13863 64

tRNAD 13864-13929 66

ND3 13930-14281 352 ATG T 64.77
tRNAS 14282-14345 64

ND2 14346-15351 1006 ATG T 66.00

A1l (Hungary)
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position from- Start Stop Intergenic

Gene name to Size Codon Codon Nucleotides AT%
COI 1-1540 1540 ATG T 58.25
tRNAAT 1541-1601 61

Coll 1602-2286 685 ATG T! 1 60.73
tRNAAP 2288-2348 61

ATPS8 2349-2508 160 ATG T 70.00
tRNA™" 2509-2571 63 2

tRNASY 2570-2632 63 1

COIII 2634-3411 778 ATG T 1 56.43
tRNACM 3413-3481 69

ND6 3482-3954 473 ATG TAG 75.06
UNK 3955-4391 437

CYTB 4392-5543 1152 ATG  TAA 26 60.81
tRNAT? 5570-5631 62 2

ATP6 5634-6327 694 ATG T 60.81
tRNAAE 6328-6394 67

nCR 6395-6717 323

tRNAMS 6718-6780 63

ND5 6781-8506 1726 ATG T! 1 72.97
tRNAPe 8508-8569 62

tRNACM 8570-8633 64 2

tRNAP™ 8632-8694 63

tRNAT" 8695-8756 62

ND4L 8757-9053 297 ATG TAA -7 61.62
ND4 9047-10403 1357 ATG T 63.96
tRNASYS 10404-10468 65

tRNAMe 10469-10531 63

s-TRNA 10532-11315 784 61.05
tRNAY™ 11316-11379 64 1

I-rRNA 11381-12623 1243 66.88
tRNA 12624-12684 61

tRNAME 12685-12746 62

tRNAS 12747-12809 63 1

tRNAM 12811-12874 64 1

ND1 12876-13800 925 ATG T! 63.46
tRNA"® 13801-13864 64

tRNAM® 13865-13930 66

ND3 13931-14282 352 ATG T 65.91
tRNAS 14283-14346 64

ND2 14347-15352 1006 ATG T 66.80

A2 (France)
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position from- Start Stop Intergenic

Gene name to Size Codon Codon Nucleotides AT%
Col 1-1540 1540 ATG T 58.51
tRNAM" 1541-1601 61

Coll 1602-2286 685 ATG T 1 60.88
tRNAP 2288-2348 61

ATPS 2349-2508 160 ATG T 69.38
tRNA™ 2509-2571 63 2

tRNASY 2570-2632 63 1

COIII 2634-3411 778 ATG T! 1 56.68
tRNAS" 3413-3481 69

ND6 3482-3955 474 ATG TAG 76.44
UNK 3956-4388 433

CYTB 4389-5540 1152 ATG TAA 26 61.42
tRNA™ 5567-5628 62 2

ATP6 5631-6324 694 ATG T 61.10
tRNA™E 6325-6391 67

nCR 6392-7312 921

tRNAMS 7313-7375 63

ND5 7376-9101 1726 ATG T! 1 62.57
tRNAP 9103-9164 62

tRNAS" 9165-9228 64 )

tRNAP™ 9227-9289 63

tRNA™ 9290-9351 62

ND4L 9352-9648 297 ATG  TAA -7 62.29
ND4 9642-10998 1357 ATG T! 65.14
tRNA®"* 10999-11063 65

tRNAM 11064-11126 63

s-rRNA 11127-11909 783 60.59
tRNAV 11910-11973 64 1

-rRNA 11975-13216 1242 66.45
tRNA" 13217-13277 61

tRNAM® 13278-13339 62

tRNAST 13340-13402 63 1

tRNA" 13404-13467 64 1

NDI 13469-14393 925 ATG T 63.35
tRNA™ 14394-14457 64

tRNAM 14458-14523 66

ND3 14524-14875 352 ATG T 66.19
tRNAS 14876-14939 64

ND2 14940-15945 1006 ATG T 66.80

A3 (Finland)

186



Chapter 7 | Supporting information for chapter 3

position from- Start Stop Intergenic

Gene name to Size Codon Codon Nucleotides AT%
Col 1-1540 1540 ATG T 58.44
tRNAM" 1541-1601 61

Coll 1602-2286 685 ATG T 1 62.92
tRNAP 2288-2348 61

ATPS 2349-2508 160 ATG T 64.38
tRNA™ 2509-2570 62 2

tRNASY 2569-2631 63 1

COIII 2633-3410 778 ATG T! 1 55.91
tRNAS" 3412-3480 69

ND6 3481-3954 474 ATG TAA 72.10
UNK 3955-4377 423

CYTB 4378-5526 11499 ATG TAA 33 60.11
tRNA™ 5560-5621 62 2

ATP6 5624-6317 694 ATG T 61.53
tRNA™E 6318-6391 74

nCR 6392-6687 296

tRNAMS 6688-6750 63

ND5 6751-8476 1726 ATG T! 1 62.46
tRNAP 8478-8539 62

tRNAS" 8540-8603 64 )

tRNAP™ 8602-8663 62

tRNA™ 8664-8725 62

ND4L 8726-9022 297 ATG  TAA -7 61.95
ND4 9016-10372 1357 ATG T! 64.19
tRNA®"* 10373-10437 65

tRNAM 10438-10500 63

s-rRNA 10501-11286 786 60.18
tRNAV 11287-11348 62 1

-rRNA 11350-12590 1241 66.75
tRNA" 12591-12651 61

tRNAM® 12652-12713 62

tRNAS 12714-12776 63 1

tRNA" 12778-12841 64 1

NDI 12843-13767 925 ATG T 62.16
tRNA™ 13768-13831 64

tRNAM 13832-13896 65

ND3 13897-14248 352 ATG T 65.06
tRNAST 14249-14312 64

ND2 14313-15318 1006 ATG T 65.21

C (Serbia)
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position from- Start Stop Intergenic

Gene name to Size Codon Codon Nucleotides AT%
Col 1-1540 1540 ATG T 59.09
tRNAM" 1541-1601 61

Coll 1602-2286 685 ATG T 1 60.73
tRNAP 2288-2348 61

ATPS 2349-2508 160 ATG T 66.88
tRNA™ 2509-2571 63 2

tRNASY 2570-2632 63 1

COIII 2634-3411 778 ATG T! 1 56.17
tRNAS" 3413-3481 69

ND6 3482-3955 474 ATG TAA 73.51
UNK 3956-4359 404

CYTB 4360-5508 11499 ATG TAA 28 60.46
tRNA™ 5537-5598 62 2

ATP6 5601-6294 694 ATG T 61.96
tRNA™E 6295-6361 67

nCR 6362-6688 327

tRNAMS 6689-6751 63

ND5 6752-8477 1726 ATG T! 1 62.17
tRNAP 8479-8540 62

tRNAS" 8541-8604 64 2

tRNAP™ 8603-8664 62

tRNA™ 8665-8726 62

ND4L 8727-9023 297 ATG  TAA -7 61.62
ND4 9017-10373 1357 ATG T! 63.45
tRNA®"* 10374-10438 65

tRNAM 10439-10501 63

s-rTRNA 10502-11287 786 60.38
tRNAY 11288-11349 62 1

-rRNA 11351-12591 1241 66.91
tRNA" 12592-12652 61

tRNAM 12653-12714 62

tRNAS 12715-12777 63 1

tRNA" 12779-12842 64 1

NDI 12844-13768 925 ATG T 62.27
tRNA™ 13769-13832 64

tRNAM 13833-13897 65

ND3 13898-14249 352 ATG T 65.34
tRNAS 14250-14313 64

ND2 14314-15319 1006 ATG T 66.60

D (Hungary)
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position from- Start Stop Intergenic

Gene name to Size Codon Codon Nucleotides AT%
Col 1-1540 1540 ATG T 58.90
tRNAM" 1541-1601 61

Coll 1602-2286 685 ATG T 1 61.02
tRNAP 2288-2348 61

ATPS 2349-2508 160 ATG T 66.88
tRNA™ 2509-2571 63 2

tRNASY 2570-2632 63 1

COIII 2634-3411 778 ATG T! 1 55.40
tRNAS" 3413-3481 69

ND6 3482-3955 474 ATG TAG 70.07
UNK 3956-4356 401

CYTB 4357-5508 1152 ATG TAA 27 60.90
tRNA™ 5536-5597 62 2

ATP6 5600-6293 694 ATG T 62.39
tRNA™E 6294-6359 66

nCR 6360-6633 274

tRNAMS 6634-6696 63

ND5 6697-8422 1726 ATG T! 1 61.41
tRNAP 8424-8485 62

tRNAS" 8486-8549 64 )

tRNAP™ 8548-8609 62

tRNA™ 8610-8672 63

ND4L 8673-8969 297 ATG  TAA -7 61.95
ND4 8963-10319 1357 ATG T 63.38
tRNA®"* 10320-10384 65

tRNAM 10385-10447 63

s-rRNA 10448-11232 785 61.15
tRNAY 11233-11294 62 1

I-rRNA 11296-12535 1240 65.43
tRNA" 12536-12596 61

tRNAA® 12597-12658 62

tRNAS 12659-12721 63 1

tRNA" 12723-12786 64 1

ND1 12788-13712 925 ATG T 62.59
tRNA™ 13713-13776 64

tRNAM 13777-13842 66

ND3 13843-14194 352 ATG T 61.93
tRNAS 14195-14258 64

ND2 14259-15264 1006 ATG T 64.21

F (Spain)
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position from- Start Stop
Gene name to Size Codon Codon Nucleotides AT%
Col 1-1540 1540  ATG T' 58.57
tRNAM" 1541-1601 61
Coll 1602-2286 685  ATG T' 1 59.42
tRNAP 2288-2348 61
ATPS 2349-2508 160  ATG T' 67.50
tRNA™ 2509-2571 63 2
tRNASY 2570-2631 62 1
COIII 2633-3410 778  ATG T' 1 5578
tRNAS" 3412-3480 69
ND6 3481-3954 474  ATG TAA 68.86
UNK 3955-4243 289
CYTB 4244-5392 1149  ATG TAA 24 61.51
tRNA™ 5417-5478 62 2
ATP6 5481-6174 694  ATG T' 59.65
tRNA™E 6175-6247 73
nCR 6248-7002 755
tRNAMS 7003-7065 63
ND5 7066-8793 1728  ATG T' 1 61.05
tRNAP 8795-8856 62
tRNAS" 8857-8920 64 2
tRNAP™ 8919-8980 62
tRNA™ 8981-9042 62
ND4L 9043-9339 297  ATG TAA -7 63.64
ND4 9333-10689 1357  ATG T' 62.71
tRNA®"* 10690-10753 64
tRNAM 10754-10816 63
s-rTRNA 10817-11601 785 60.59
tRNAY 11602-11664 63 1
I-rRNA 11666-12906 1241 66.34
tRNA" 12907-12967 61
tRNAM® 12968-13029 62
tRNAS 13030-13092 63 1
tRNA" 13094-13157 64 1
NDI 13159-14085 927  ATG T' 62.57
tRNA™ 14086-14150 65
tRNAM 14151-14217 67
ND3 14218-14569 352 ATG T' 59.38
tRNAS 14570-14633 64
ND2 14634-15640 1007  ATG T' 64.45
B (UK)
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Figure 7.1. Bayesian phylogenetic trees. Each tree represent a single gene alignment, except the first
one (first page, upper left), which was obtained from a dataset built concatenating all the genes.
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