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1. Introduction



L 1. Biological invasion
L1.1. General definition

Invasive species are often defined as those who overcome a geographical barrier and are found
in areas out of their native zone. Another criterion used by scientists to determine that a speciesis
invasive is based on its negative impacts on the ecosystem. But the question is; what is the
threshold for a species to be considered as having negative impacts? One general definition that
will be used in this thesis is : “a biological invasion consists of a species’ acquiring a competitive
advantage following the disappearance of natural obstacles to its proliferation, which allows it to
spread rapidly and to conquer novel areas within recipient ecosystems in which it becomes a
dominant population” (Valéry et al., 2008).

Negative impacts of invasive species on indigenous biodiversity, ecosystem functions and
services, and agricultural productivity (review in Anderson et al., 2017), may result in severe
economic impacts which could range from millions to billions of dollars annually (Sakai et al.,
2001). For instance, the cost of the invasion by the neotropical termite Nasutitermes corniger in
Florida, was estimated between $6.9 and $9.9 million within ten years (Alvarez, 2016). Although
some biological invasions could result in severe economic losses, there are a large number of non-
native species that result in overall gains for society, or in no deleterious impacts at all. For
instance, it has been estimated that 98% of food production in the United States relies on non-
native crops and livestock (review in Alvarez, 2016). Therefore, reliable information on the
potential negative impacts of invasive species is primordial for good policy decision-making
programs since in some cases the costs of control, eradication and mitigation measures may exceed
their benefits (Alvarez, 2016).

L.1.2. Steps of the biological invasion process

There are three main stages for successful introduction and following invasion of a species
(Figure 1); 1) introduction of a new species in a new habitat, 2) species initial colonization and
successful establishment, and 3) afterwards dispersal and secondary spread in new habitats (review
in Sakai et al., 2001). In each stage, several factors impact the invasion process, these factors are
related to the species characteristics, the environment it has invaded and propagule pressure (i.e.,
propagule number, size, and temporal and spatial patterns of propagule arrival) (Simberloff, 2009).
The impact of propagule number is mainly related to decreasing the impacts of environmental
stochasticity, while increasing propagule size enhances establishment probability by decreasing
the effects of demographic stochasticity. For instance, Ahlroth et al. (2003) introduced propagules
from 2 to 16 mated females of waterstriders (Aquarius najas) into 90 Finnish streams and found
that the probability of population establishment increased with propagule size (Simberloff,2009).
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Figure 1 : Different stages of invasion and the factors influencing the success of each stage based on Sakai et al.
(2001).

The phase one of the invasion is the introduction of a species into a new habitat which could
be done deliberately or undeliberately by anthropochory, hydrochory, and phoresy i.e., dispersal
by humans, water, and a nonparasitic relationship in which one species is carried by another,
respectively (Sakai et al., 2001). Once the species is introduced in a new environment, the second
phase of invasion starts. This phase is divided into two parts; initial colonization and establishment.
The success of an invader in initial colonization depends on several characteristics. Self-
fertilization or ‘selfing’ and parthenogenetic reproduction (types of uniparental reproduction that
allow the establishment of a new population without the necessity of having a mating partner), are
considered as one of the most important qualities of a species when introduced in a new habitat
(Sakai et al., 2001). One of the reasons of flash invasion (i.e., recently initiated invasion by a very
efficient clone) of Pseudosuccinea columella, an invasive hermaphroditic freshwater snail, from
north America into the world is selfing (Lounnas et al., 2017). These results were inferred by
population genetics analyses of eight nuclear microsatellite markers and two mitochondrial genes,
where a unique haplotype/genotype was found in invaded populations. Among the successful
parthenogenetic invasive species is the hemlock woolly adelgid, an insect that has spread acrossa
large geographic temperature gradient in its introduced range (this insect is native to Asia as well
as to the Pacific Northwest of the United States but now invasive in almost all of United States)
(Lombardo and Elkinton, 2017). Another important quality of an invasive species in the second
phase of invasion (initial colonization), is the r strategy of species (i.e., use of pioneer habit, short
generation time, high fecundity, and high growth rates) (Sakai et al., 2001). The other stage of
second phase of invasion is establishment. The success of an invasive species during this stage is
closely linked to phenotypic plasticity and competitive ability. These abilities are important



characteristics in order to cope with different environmental conditions and to compete with other
species, especially with native ones (Sakai et al., 2001). An example of competitive ability between
species could be the case of Prosopis juliflora, an aggressive invasive plant species, which releases
L-tryptophan amino acid that inhibits the growth of other plants (Mukherjee et al., 2017). This
allelopathic ability likely helped the establishment of P. juliflora as an invasive species. Once the
invasive species is established it goes through the last phase of invasion which is the spread and
dispersal in other habitats which are done naturally or aided by humans. Several factors are
important in the success of this stage; such as factors influencing the propagules numbers, dispersal
mode and death and birth rates (review in Sakai et al., 2001).

Most of the introduced species fail at the first stages of invasion process e.g., during
establishment phase (Facon et al.,, 2003) and cannot carry on to other steps due to numerous
reasons. One of the explanations could be related to founder effect or bottleneck effect (i.e., a sharp
reduction in population size due to environmental events, which in turn causes big losses of genetic
variations due to genetic drift). Therefore, scientists wondered how invasive species overcome this
challenge of low genetic diversity while introduced into a new environment. Reduced genetic
diversity can have two consequences; one is inbreeding depression that constrains the population
growth and decreases the chance of population’s persistence. Another one is the limited ability to
evolve in a new environment. However, consequences of genetic diversity reduction could be less
visible by the increase of genetic variation through multiple introductions that could defeat
inbreeding depression and drift (Sakai et al., 2001; Sax et al., 2007; Simberloff, 2009). These
populations, due to multiple introductions from different locations in the world, could have new
genotypes which could be better adapted to the environment, thus increasing the chance of
persistence and spread (Sax et al., 2007; Simberloff, 2009). Less genetic diversity could also be
due to parthenogenetic reproduction which is one of the characteristics that help invasive species
in establishment phase (as mentioned above). Hence, how could a parthenogenetic invasive species
have a successful invasion into new areas with weak genetic diversity in comparison with origin
areas?

1.1.3. Parthenogenesis, a means of successful invasion

Parthenogenesis is a unisexual type of reproduction where the development of an egg occurs
without fertilization, usually resulting in the production of female offspring (Simon et al., 2003).
Different types of parthenogenetic reproduction are described in Box 1. Eight types of
parthenogenetic reproduction exists; tychoparthenogenesis (or facultative), apomictic,automictic,
gynogenesis, hybridogenesis, arrhenotoky, thelytoky, and deuterotoky, or amphitoky. The main
difference between apomictic and automictic parthenogenesis is the meiosis retention in the latter.
In most cases, parthenogenesis is thelytokous where asexually produced progenies are females
(Lynch, 1984). However, haplodiploid insects utilize an arrhenotokous parthenogenetic system
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i.e., unfertilized eggs develop into males, whereas fertilized eggs give rise to diploid females
(Lynch, 1984).

Box 1: Different modes of parthenogenetic reproduction (Simon et al., 2003; Suomalainen et al., 1987)
Tychoparthenogenesis (or facultative): occasional, spontaneous production of
eggs without fertilization. This type of parthenogenesis is specially known for at
least 10 insect orders from which in 6 genera obligatory parthenogens exist. The
cytological mechanism is similar to apomictic and automictic parthenogenesis.

Apomictic parthenogenesis: suppression of meiosis and the fertilization of eggs
from a mitosis like cell division, thus the offspring are genetically similar to their
mothers except mutations. Apomixis is commonly found in invertebrates such as
rotifers and all major groups of arthropods.

Automictic parthenogenesis: in contrast to apomixes, in this type of
parthenogenesis meiosis is retained with restoration of diploidy by duplication or
fusion of the gametes produced by the female parent. Generally, it leads rapidly to
complete homozygosity of offspring. This type is common in many parthenogenetic
stick insects and some weevils. However, one form found in unisexual lizards and
Australian grasshoppers, known as endomeiotic doubling which involves
replication of chromosomes prior to meiosis, that restores diploidy for the offspring.
As the replicated chromosomes pair prior to meiosis I, the offspring are genetically
identical to mothers and the heterozygosity is maintained.

Gynogenesis: a form of parthenogenesis in which sperm should be inoculation form
a related bisexual species to stimulate egg development, without genetic
contribution to the offspring.

Hybridogenesis: it’s a hemiclonal type of parthenogenesis in which half of the
genome is transmitted sexually and the other half clonally. In this type sperm and
egg nuclei fuse, in the offspring paternal genes are expressed but only maternal
genome is transmitted to the next generation. Both gynogenesis and hybridogenesis
are reported for a unisexual fish species in the genus Poeciliopsis.

Arrhenotoky: unfertilized eggs producing only male descendants
Thelytoky: unfertilized eggs producing only female descendants

Deuterotoky, or amphitoky: unfertilized eggs producing descendants of both
sexes

A parthenogenetic species, due to lack or limited rate of meiosis, have less genetic diversity
than sexual species. In case of parthenogenetic invasive species, a drastic loss of variation is thus
expected in the invaded areas in comparison with the area of origin, because a single clone has
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invaded an extensive area (review in Facon et al., 2003). This could be studied through genetic
markers which help us to identify the pathways of invasions and to count the number of
introductions. For instance, through a phylogeography study, the invasion by a parthenogenetic
snail, Melanoides tuberculate, was studied to evaluate the pathways and number of invasions from
the Old World (from Africa to southeastern Asia) into the Neotropical area (from northern
Argentina to Florida) (Facon et al., 2003). Based on two mitochondrial genes (12S and 16S),
results showed that several clones have independently invaded the Neotropical area. Thus, though
parthenogenesis promotes genetic uniformity in the short-term, new morphs can appear as a result
of sporadic changes in ploidy and/or rare events of sexual reproduction, which help them invading
new areas.

Population genetics and phylogeography approaches are useful tools to study the genetic
diversity in both source and invading populations and to elucidate the mechanisms driving the
success of invasive species (review in Lounnas et al., 2017).

1.1.4. Usefulness of population genetics and phylogeography approaches for a better
understanding of biological invasions

Comparing the distribution of genetic variability within and among populations between the
origin and invaded areas, could be useful to understand the routes of invasions and the genetic
variations of invasive species in these populations (Lounnas et al., 2017). For many years,
mitochondrial DNA (mtDNA) was used as the molecular marker of choice in phylogeographical
studies in animals due to its lack of recombination, putative neutrality, and smaller effective
population size, and consequently a shorter expected time to reciprocal monophyly between
geographic regions. However, single-locus markers of mtDNA are often inadequate for accurate
calculations of parameter estimates, and multi-locus data could intensely improve the performance
of analytical methods (review in Hickerson et al., 2010).

The current molecular approaches for phylogeographic studies include several techniques for
detecting and analyzing variation of mtDNA, and nuclear DNA (nDNA). These approaches
include; Amplified Fragment Length Polymorphism (AFLP), Simple Sequence repeats (SSR) or
microsatellites, Random Amplified Polymorphic DNA (RAPD), restriction site-associated DNA
sequencing (RADseq.) and Single-Nucleotide Polymorphism (SNP). Based on the study, question,
and information required, each of these approaches has advantages and disadvantages which are
listed below in Table 1.
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Table 1: Advantages and disadvantages of the most-used PCR based molecular approaches in phylogeography and
population genetic studies (Aguirre-dugua and Gonzalez-rodriguez, 2016; Andrews et al., 2016; Miah et al., 2013)

Method

Advantages

Disadvantages

AFLP
(dominant marker)

-fast and simple

-cheap

-genomic abundance high

-low to moderate polymorphism
-mostly from non-coding regions
-reliable information for hundreds
of loci

-no need for sequence data

-can be used across species

-reproducibility is low

-difficult for assessing the homology
among markers of the same molecular
size

-the state of ‘present allele’ could
correspond equally to an individual
which is homozygous or
heterozygous

-possible experimentations failure,
due to changes in materials used

RAPD
(dominant marker)

-fast

-cheap

-genomic abundance high

-low to moderate polymorphism
-no need for sequence data

-not reproducible
-low accuracy
-not suitable across species

microsatellites
(co-dominant marker)

-genomic abundance high

-highly polymorphic

-found in both coding and non-
coding regions

-highly reproducible

-usable for fluorescent techniques

-high mutation rates

-high development costs

-technical challenges during the
construction of enriched libraries and
species-specific primers

-sequence information needed

SNP
(co-dominant marker)

-a suite of unlinked nuclear genetic
loci that capture a genome-wide
picture of population history
-highly polymorphic

-low mutation rates

-high number of SNP loci usually
available

-high accuracy

-a maximum of only four characters
states (A, T, G, C) making them less
informative than microsatellites
-sequence information needed
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Dominant markers are useful for species with unknown ploidy degree and for which we suspect
polyploidy. In case of polyploidy, co-dominant markers are not advisable (e.g., microsatellites,
RFLP, SNP and RADseq.), because it is difficult to determine the number of copies of each of the
alleles present. Among dominant markers, AFLP is highly valuable and its efficacy for having
information on the genome has been reported in several studies. For instance, sympatric speciation
(the evolution of reproductive isolation without geographic barriers) of two endemic palm species
Howea forsteriana and H. belmoreana on Lord Howe Island was shown by divergence of four loci
out of 274 AFLP markers between the two species, involving disruptive/divergent selection
(Savolainen et al., 2006). AFLP method is also very useful for non-model species for which we
don’t have much genomic information. With this method, we can have information about genetic
variations relatively fast and easily, without the need to have sequence data.

The use of dominant markers such as AFLP is thus interesting for studying the genetic structure
of soil living organisms for which very poor genomic data are available. For these taxa, molecular
techniques have been rarely used but these methods have allowed to describe the spread of a few
invasive earthworm species (Dupont, 2009).

L.1.5. Invasive earthworm species

Underground invasions have attracted less attention than above ground invasions, mostly due
to the cryptic nature of soil environment and less apparent impacts of invasions (Bohlen, 2006;
Fernandez et al., 2016; Hendrix et al., 2008). Earthworms are known as ecosystem engineers (Box
2) thus, they can impact the soil ecosystem by their activities. When non-native earthworm species
are introduced in a new habitat, they can alter soil structure, organic matter and nutrient cycling,
and plant and animal communities below and above ground and replace or out-compete native
earthworm species (Fernandez et al., 2016; Hendrix et al., 2008).

Box 2: Earthworms as ecosystem engineers

Ecosystem engineers are organisms that directly or indirectly modulate the availability of
resources to other species, by causing physical state changes in biotic or abiotic materials (Jones
et al., 1994). Earthworms have been recognized as typical ecosystem engineers and represent an
excellent potential partner for humans in managing ecosystem services. Earthworms have
important roles on biological (interactions with plants and other soil organisms), chemical
(mineralization of organic matters of the soil) and physical (change in soil structure by
burrowing activity) aspects of the soil (Blouin et al., 2013). Earthworms are especially useful
for farming and agricultural practices. For instance, by their activities they release assimilable
nutrients which increase soil fertility (Lavelle et al., 1992) and by their burrowing activity
(Lavelle et al., 1997) they increase soil aeration and water absorption which are in interaction
with plant species.
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Earthworms dispersion in the world is facilitated mainly by humans through global commerce;
unintentionally (e.g., in agricultural and horticultural products) or intentionally (e.g., for waste
management and land bioremediation) (Hendrix et al., 2008). To be transported successfully to
other regions in the world, the earthworms or cocoons should be highly tolerant to different soil
conditions and structures (Fernadndez et al., 2016). Most peregrine (i.e., widely ranging species out
of their native zone, often owing to human action) earthworms can be grouped in three families:
Lumbricidae, Megascolecidae and Rhinodrilidae (Fernandez et al., 2016). The majority of known
peregrine species belong to the Lumbricidae family with 30 species. These species are found in
the genera; Lumbricus, Allolobophora, Octolasion, Aporrectodea, Dendrobaena, Eisenia or
Eiseniella (Fernandez et al., 2016). These species are mostly studied in temperate region and as
Hendrix et al. (2008) stated, despite the existence of higher number of species in tropical zone, the
proportion of our knowledge on the existence of peregrine earthworm species in temperate zone is
much higher than those in tropical region. It has been estimated that out of several thousand of
earthworm species in tropical zone, only 51 peregrine species are known, while in temperate zone
45 peregrine species are known out of 500-600 estimated species.

To date, only three studies have investigated the phylogeography and population genetics of
peregrine earthworm species i.e., Aporrectodea trapezoids (Fernandez et al., 2016, 2011),
Aporrectodea rosea (Fernandez et al., 2016) and Pontoscolex corethrurus (Dupont et al., 2012).
A common point of these studies is a high genetic diversity within samples of different locations.
Using AFLP markers to investigate P. corethrurus population genetics in French Guiana, Dupont
et al. (2012), showed that higher genetic diversity was observed in disturbed areas due to human
activities which supplied these populations with migrants thus new genotypes. By comparing
sequenced haplotypes in the ancestral distribution areas and the colonized lands, we can trace back
roads of biological invasions and understand the success of peregrine species. For instance, two
phylogeographic analyses using COI and COII genes revealed that Aporrectodea trapezoids and
Aporrectodea rosea peregrine earthworm species have undergone a similar pattern of
diversification (Fernandez et al., 2016).

With the advent of molecular approaches in species taxonomy, several cryptic species (i.e.,
morphologically undistinguishable species) were revealed for earthworms (King et al., 2008; Novo
et al., 2010, 2009; Pérez-Losada et al., 2009). Among these cryptic species, some are peregrine.
Hence, one question remains to be answered; could a peregrine earthworm morphospecies, be a
complex of several species?

L.2. Speciation and cryptic species

L2.1. Processes of speciation and ‘grey zone’

Species concept has been controversial for scientists for a long time. This concept varies based
on different scientific fields to define it. For instance, intrinsic reproductive isolation in the case
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of the biological species concept, occupation of a distinct niche or adaptive zone in the case of the
ecological species concept, fixed character state differences in the case of the phylogenetic
concept, and different evolutionary role, tendencies, and historical fates in the case of evolutionary
concept of species (De Queiroz, 2007). De Queiroz (2007) suggested that when there are debates
on the existence of one species versus two species, we are in the ‘grey zone’ of speciation process
(a process by which one species splits into two species), that’s where scientists in different
disciplines come into conflict, but before and after the ‘grey zone’ they all agree that there is one
species or two species (Figure 2).

Two species

SC9
SCs
SC7
SCé
SCs
SC4
SC3
SC2
SC1

One versus two
species

U],

One species

Figure 2 : A simple illustration of speciation process after De Queiroz (2007). At first one species exists and with
time it splits into two species. The SC1 to SC9 correspond to the progression of time.

Integrative taxonomy is an approach that highlights congruence among different disciplines
and gives evolutionary explanations for incongruence among them, acknowledging that these
different methods reflect different stages of the speciation process in the ‘grey zone’ (Dejaco et
al., 2016). Integrative systematics require multifaceted skills in taxonomic, phylogenomic, and
bio-informatic skills (Wen et al., 2017). Nowadays, species delimitations based on molecular
approaches and bio-informatic software are used more and more.
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1.2.2. Phylogenetics/phylogenomics and species delimitation methods

Mitochondrial markers are widely used for species delimitations and cryptic species discovery
studies. However, these markers are considered as a ‘double-edged sword’ due to their accelerated
evolutionary rates (Akihito et al., 2016). Meaning that in one hand, significant amounts of
sequence variation could be observed in closely related species and as maternally transmitted,
interpretation of species identification is simplified (review in Yang et al., 2014). But at the other
hand, because of the reduced N. (effective population size) of mitochondrial genes compared to
nuclear genes, they may facilitate fixation of an introgressed haplotype lineage, even at low levels
of introgression in a foreign population (review in Akihito et al., 2016). Hence, combining mtDNA
and nDNA markers improves the power of genetic data for systematic studies (Song and Ahn,
2014). Meanwhile, evolutionary inference from single-locus data (nuclear or mitochondrial
markers) has limitations including; lower power for detecting independent evolutions compared
with multi-locus approaches, the potential discordance between gene trees and species trees and
the lack of information on adaptive divergences (review in Fujisawa and Barraclough, 2013). Thus,
single-locus analysis could lead us to an under or over estimation of existing species (Meyer and
Paulay, 2005; Will and Rubinoff, 2004). With the decrease in the cost of high-throughput Sanger
sequencing and the advent of Next Generation Sequencing (White et al., 2014), more and more
studies are using multi-locus analysis. Table 2 shows some of the molecular species delimitation
methods and they are organized based on single-locus and multi-locus types of input data for these
methods. Among these methods, two are species validation approaches which require the user to
assign samples to putative phylogenetics/phylogenomics lineages (i.e., BPP and SpedeSTEM),
while the other approaches assign samples to groups without a priori information for discovering
species (review in Carstens et al., 2013).

Table 2: Common single and multi-locus species delimitation methods based on Carstens et al. (2013) review

Single-locus Delimitation method Reference
/multi-locus

Generalized Mixed Yule Coalescent | (Pons et al., 2006)
(GMYO)

Automatic Barcode Gap Discovery | (Puillandre et al., 2012)

Single-locus (ABGD)

Bayesian Poisson tree processes (bPTP) (Zhang et al., 2013)

Multi-rate Poisson tree processes (mPTP) | (Kapli et al., 2017)

Structure (Pritchard et al., 2000)
Gaussian Clustering (Hausdorf and Hennig, 2010)
O’Meara’s (O’Meara, 2010)
Species delimitation using species trees (Carstens and Dewey, 2010)
) (SpedeSTEM)

Multi-locus  FSrycturama (Huelsenbeck et al., 2011)
Bayesian Phylogenetics and | (Ziheng, 2015)
Phylogeography (BPP)
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Phylogenetics and phylogenomics permit us to visualize the relationships among species. In
phylogenetics the sequences of a small number of genes are analyzed, while with phylogenomics
entire genomes, or at least large portions of genomes are compared (Divakar and Crespo, 2015).
Sequence capture and restriction site associated DNA sequencing (RADseq.) are emerging as two
of the most useful reduced-representation genome sequencing methods for phylogenomics
(Leaché et al., 2015). Sequence capture methods use short probes (60—120 nucleotides) to
hybridize to specific regions of genome that are subsequently sequenced, these methods require
some advanced level of knowledge of the genomes under investigation or of related species
(Leaché et al., 2015). One of the sequence capture methods is Anchored Hybrid Enrichment
(AHE), which is a cost-efficient (~1% of the cost of traditional Sanger sequencing and ~3.5% of
the cost of high-throughput amplicon sequencing for projects on the scale of 500 loci x 100
individuals), and rapid (~2 weeks of laboratory time) approach to obtaining data from hundreds
of loci (Lemmon et al., 2012). Another sequence capture method is ultraconserved elements
(UCEs) (Bejerano et al., 2010) which was originally described as an approach for resolving deep
phylogenies (Leaché et al., 2015). Phylogenetic relationships were resolved for mammals, birds,
turtles and archosaurs, fishes and squamates based on capture sequences (review in Leaché et al.,
2015). At the other hand, RADseq methods (Baird et al., 2008) rely on restriction enzyme digestion
of genomic DNA followed by the subsequent size-selection and sequencing of fragments that are
of a certain size range, this approach requires limited to no previous knowledge of the genome
(Leaché et al., 2015). This approach has been used for speciation analysis of animals with scarce
genomic knowledge including mosquitos, plants, cichlids, and beetles (review in Leaché et al.,
2015). Based on the scientific question, we could use one of these methods. Generally, sequence
capture methods are more adapted for resolving relationships among distantly related species while
RADseq. is mostly used for phylogeographic and population-level studies (Leaché et al., 2015).

In recent years, science of species delimitation has witnessed a dramatic increase in the number
of available methods for delimiting species based on molecular results. Carstens et al. (2013)
suggested that in order to have accurate species delimitation boundaries, researchers shouldapply
a wide range of species delimitation analyses to their data and place their trust in delimitations that
are congruent across different methods. For instance, Dejaco et al. (2016) based on congruence
among different methods: using morphological examination; reciprocal monophyly on
mitochondrial (COI), ribosomal DNA (ITS2) and AFLP profiles; bPTP on ITS2 and COI; and
BAPS and Structure on AFLP, found six nominal species as taxonomic junior synonyms and two
new species for the jumping bristletail genus Machilis from the European Eastern Alps (if species
delimitations were done with only COI, 16 species by reciprocal monophyly or 20 by bPTP would
be recorded).
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L1.2.3. Cryptic diversity

With the help of molecular species delimitation methods, more and more cryptic species are
recognized. For instance, nine putative species were found for the terrestrial gastropod genus
Pyramidula a case of cryptic species complex, based on mitochondrial and nuclear markers, and
GMYC, ABGD, BPP and SpedeSTEM methods (Razkin et al., 2017). Differentiating cryptic
species is important because they impact and respond differently to the environmental pressures
e.g., in their tolerance to pollution, reproductive timing, feeding mechanisms, and ecological traits
(White et al., 2014) or while used as biological models in scientific studies (e.g., ecotoxicological,
bioindicator for soil or water quality, etc.). Therefore, if the experimentations are done on several
species or lineages, the results could be biased. For example, in Gammarus fossarum (an
amphipod) complex of species, different concentrations of the fungicide tebuconazole were tested
on cryptic lineages A and B (Feckler et al., 2012). After seven days, cryptic lineage A showed a
significantly higher overall sensitivity compared to lineage B, with an approximate 50% more
pronounced decline in feeding behavior (Feckler et al., 2012). However, as this study was done on
only one population for each cryptic lineage, authors suggested further studies to draw definite
conclusions. One of the organisms which is very important to humans due to their impacts on
farming and agricultural activities, are earthworms. These organisms are used for ecotoxicological
studies, and in cases of cryptic species (as they are common among earthworm species) misleading
results could be obtained.

1.2.4. Molecular studies revealed several complexes of species in earthworms

Cryptic diversity has been revealed for several earthworm morphospecies; Hormogaster elisae
Alvarez, 1977 (Novo et al., 2010, 2009), Metaphire paiwanna Tsai et al., 2000 (Chang et al.,
2008), Allolobophora chlorotica Savigny, 1826 (Dupont et al., 2011; King et al., 2008),
Aporrectodea caliginosa Savigny, 1826 (Pérez-Losada et al., 2009), Lumbricus terrestris
Linnaeus, 1758 (James et al., 2010), Lumbricus rubellus Hoffmeister, 1843 (Donnelly et al., 2013),
Pontoscolex corethrurus Miiller, 1856 (Cunha et al., 2014), Eisenia nordenskioldi Eisen, 1879
(Shekhovtsov et al., 2016a, 2013), and FEisenia nordenskioldi pallida Malevick, 1956
(Shekhovtsov et al., 2016b). Table 3 shows comprehensive information on these cryptic species
studies. Only two studies have used multi-locus genomic DNA analysis by AFLP method for
cryptic species discovery (Cunha et al., 2014; King et al., 2008), and other studies have used the
amplification of mitochondrial and nuclear genes (with two studies using microsatellite markers;
Donnelly et al., 2013; Dupont et al., 2011). These data show also that most of the species
delimitations are based on the bootstrap or posterior priority values of phylogenetic trees
constructed based on Bayesian Inference (BI), Maximum Parsimony (MP), and Maximum
Likelihood (ML) methods, and further species delimitation methods e.g., ABGD, GMYC, mPTP
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etc. have not been used. Only one study has used multi-locus species delimitation analysis (BPP)
on specimens sequences (Martinsson and Erséus, 2017).

As mentioned earlier, combination of nuclear and mitochondrial markers could help to improve
the construction of species relationships in phylogenetic trees. For instance Novo et al. (2009)
found six cryptic lineages for Hormogaster elisae based on COI gene and phylogenetic trees done
by BI, MP, NJ, and ML methods. One year after, results based on more intensive sampling effort
and more molecular markers i.e., COI, 16S and 28S genes, showed the existence of five cryptic
lineages within H. elisae. Amplification of two more genes, hence more information of species
evolution, could explain the reason of finding five cryptic species instead of six. Both studies have
been done on samples coming from central Iberian Peninsula but from different locations.

The molecular approaches and methods of species delimitation used, have important impact
on the results obtained. For instance, Giska et al. (2015), didn’t find cryptic species for L. rubellus
by RADseq. which is a multi-locus nuclear genome data, despite highly divergent mitochondrial
lineages, while Martinsson and Erséus (2017) found seven cryptic species for this morphospecies
by H3 gene (nuclear gene) phylogenetic tree and multi-locus species delimitation method (BPP).
The first study was based on samples coming from Poland while the second one was on a wider
range of countries; Norway, Sweden, Czech Republic, Denmark, Germany, New Zealand and
USA. Between these two studies only one lineage; L. rubellus A, was common thus making it
impossible to compare their results. One question remains to be answered; could we find the
same number of cryptic species found by Martinsson and Erséus (2017) under a multi-locus
nuclear genome data e.g. RADseq.? A similar example for disaccordance among studies for
cryptic diversity is the case of Allolobophora longa. Pérez-Losada et al. (2009) suggested the
existence of two cryptic species for
A. longa morphospecies based on concatenated ML, MP and BI phylogenetic trees using one
nuclear, and five mitochondrial markers (Table 3). Samples of this study came from 27 sites of
western and central Europe (France, Finland, Germany, Spain, Denmark, Poland, United
Kingdom, and Serbia). However, based on another study (Martinsson et al., 2015), the two
divergent haplogroups based on samples from Sweden, Norway and Denmark, didn’t suggest the
existence of cryptic species for 4. longa. This study was done based on one mitochondrial (COI)
and two nuclear markers (ITS2 and H3). Analyses were done by distance methods, parsimony
networks and Bayesian coalescent trees, and the statistical distinctness of the groups was tested on
gene trees using the genealogical sorting indexes. Unfortunately, in the latter study, results of the
former study are not mentioned or discussed. Therefore, we have no information if any haplotypes
were shared among the two studies, and eventually if cryptic species exist for A. longa or not.

Cryptic species discovery on invasive peregrine species are rare, and among them is
Aporrectodea trapezoids. Pérez-Losada et al. (2009) found two cryptic lineages within this
morphospecies based on mitochondrial genes COII, 12S, 16S, ND1, tRNA and one nuclear marker
28S for samples coming from four countries i.e., Spain, France, Poland and Serbia. In another
study done on A. trapezoids samples from Spain, France, Portugal, Italy, Greece, Turkey, Algeria,
Egypt and Australia, Ferndndez et al. (2011) found two lineages by COI, COII, 28S rRNA and H3
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concatenated data sets. They suggested that these lineages are not divergent enough to consider
them differentiated evolutionary lines, thus they didn’t confirm the existence of cryptic species for
A. trapezoids morphospecies. Some of the haplotypes within the former study were found in the
latter study as well. However, eventually in Fernandez et al. (2016) study, existence of cryptic
species for 4. trapezoids, through samples from the previous study plus specimens from Algeria
and Balearic Islands and the amplification of one more gene; 16S, was suggested.

Some of these earthworm species have been widely used as models in different studies, thus
we could question the credibility of studies done on these morphospecies, because different species
have diverse impacts and respond differently to environmental conditions. For instance, Kille et
al., (2013) showed that cryptic lineages within Lumbricus rubellus (i.e., LA and LB) adapt
differently to soil contaminations. The results on methylation sensitive AFLP analyses on L.
rubellus cryptic lineages showed a clear association of methylation patterns with soil arsenic
concentrations for LB. These results suggested that LB utilizes epigenetic mechanisms to adapt to
the presence of contamination, while LA doesn’t have this mechanism (Kille et al., 2013).

Proof of hybridization between cryptic species were found in three studies; between green and
pink morphs of A. chlorotica and within pink morph lineages (Dupont et al., 2011), and between
L. terrestris and L. herculeus and A-B and A-H lineages of Lumbricus rubellus complex
(Martinsson and Erséus, 2017). Therefore, these cryptic species are in speciation process and
reproductive isolation between them are not yet complete. Hybridization was not recorded in
several cases of cryptic lineages sympatry i.e., for Aporrectodea caliginosa, Eisenia nordenskioldi
nordenskioldi and Eisenia nordenskioldi pallida species complex.
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Table 3: A summary table of studies on the cryptic species discovery for earthworms
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1.3. Reproductive isolation, polyploidy and speciation

L.3.1. Reproductive isolation

In order to know the mode and process of speciation in nature, it is necessary to determine how
reduction of gene flow in the ‘grey zone’ occurs between species, sufficiently to allow each of
them to become irrevocably committed to different evolutionary paths (Bush, 1994). Reproductive
isolation is essential for the gene flow to be stopped, which is a consequence of a gradual process
happening in the ‘grey zone’ and has two different types; pre- and postzygotic barriers (Widmer
et al., 2009). Pre-zygotic barriers could be related to differences of habitat, behavioral changes,
temporal differences or gametic incompatibilities between species. For instance, the recent
evolution of Senecio eboracensis from Senecio vulgaris, two plant species which are interfertile
and are both visited by generalist pollinators, is due to selfing of these species by which species
boundaries are maintained (review in Widmer et al., 2009). Prezygotic barriers in animals are
controlled by few major genes and are important during early stages of speciation, whereas
postzygotic barriers are controlled by numerous genes of minor effect and accumulate more
gradually (review in Widmer et al., 2009). Therefore, prezygotic barriers evolve faster than
postzygotic ones in animals. Postzygotic isolation is related to hybrid sterility, hybrid inviability,
and embryo mortality, and among them hybrid sterility most likely evolves faster than hybrid
inviability (review in Widmer et al., 2009). For example, in a study based on data available in
literature on 368 species, Price and Bouvier (2002) showed that complete loss of F1 hybrid fertility
of birds takes on the order of millions of years, while loss of F1 hybrid viability occurs over longer
timescales.

The evolution of complete reproductive isolation among species may take hundreds to millions
of generations to occur, and during this long history populations change in size and spatial
distributions, and the processes that enhance or erode barriers to gene flow including hybridization
may occur (Abbott et al., 2013). Hybridization in a spatial context mostly occurs in ‘hybrid zones’;
which is at abrupt parapatric boundaries. In this context, the exchange of genes occurs between
locally adapted populations. In a temporal context, hybridizations occur with ‘secondary contacts’;
which is after a period of independent evolution (Abbott et al., 2013).

In some cases, speciation is much faster i.e., polyploid speciation (the presence of three or
more complete chromosome sets in an organism, in this case the organism may be immediately
isolated reproductively from the other individuals of the same species). This type of speciation has
been highly reported for plant species. For instance, Wood et al. (2009) showed that 15% of
angiosperm and 31% of fern speciation events are accompanied by ploidy increase.
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1.3.2. Mechanisms of immediate speciation

Polyploidization has been documented across a wide range of animal species (Schmid et al.,
2015). Schmid et al. (2015) highlighted that in parthenogenetically reproducing animals,
polyploidy is observed relatively frequently, however in sexually reproducing animals, polyploid
species are rare. Possible barriers to polyploidization are the presence of sex chromosomes,
prevalence of cross-fertilization, and the histological complexity of animals, which may explain
why polyploidy is much rarer in animals than in plants. Polyploids originate from autopolyploidy
(mutation in chromosome number) and allopolyploidy (hybridization and mutation in chromosome
number) (Comai, 2005; Schmid et al., 2015). Polyploid species are reproductively isolated from
other organisms because when polyploids mate with diploids, progenies with odd-numbered
ploidies, such as triploids, are produced (Mallet, 2007). These offspring may be viable but typically
produce sterile gametes with unbalanced chromosomal complements (aneuploidy) (Mallet, 2007).
Polyploidy is thus a simple abrupt means of achieving speciation (Madlung, 2013; Mallet, 2007).
For instance, allopolyploid speciation can result from somatic chromosome doubling in a diploid
hybrid, followed by selfing to produce a tetraploid. This case was found in the allopolyploid
Primula kewensis plant which arose among cultivated diploid hybrids of Primula verticillata and
Primula floribunda (Mallet, 2007). Karyotyping (i.e., process of arranging pairs of chromosomes
in order of size; Ferguson-Smith and Trifonov, 2007) has helped the determination of the ploidy
degree of polyploid species. For instance, a pentaploid (5n= 65) froglet within Water Frog
(Pelophylax esculentus) hybrid complexes was found.

The genetic advantageous of polyploidy are mainly related to heterosis that causes polyploids
to be more vigorous, and gene redundancy that shields polyploids from deleterious mutations
(Comai, 2005). Muldal (1952) suggested that because of polyploidy, parthenogenetic species could
be found in a broadened span than sexually reproducing ones (Hongell and Terhivuo, 1989;
Muldal, 1952; Viktorov, 1997). This fact is mainly related to high levels of heterozygosity and fit
genomes which are maintained by avoiding segregation and recombination (Diaz Cosin et al.,
2011), thus more tolerant to environmental fluctuations (Lynch, 1984; Viktorov, 1997).
Parthenogenetic species often occur at higher altitudes, on islands or in island-like habitats, indry
environments, or in disturbed habitats compared to their sexual relatives (review in Lynch, 1984).
Vandel (1928) introduced the term “geographic parthenogenesis” for referring to parthenogenetic
organisms’ distribution. In this pattern, the sexual forms are mostly in central part and the
parthenogenetic ones in marginal or disturbed habitats around the sexual ones (Vandel, 1928). For
instance, in Taraxacum and Chondrilla genera, apomicts (asexually reproducing) have a much
wider distribution. In the former, the apomicts dominate the northern regions while sexual ones
are found in south and smaller parts of Europe, and in the latter, apomicts dominate the western
and eastern parts and the sexuals occupy small parts in the middle of this region in Europe (Dijk,
2003). As mentioned earlier, one of the mechanisms helping invasive species to establish in a new
environment is parthenogenetic reproduction due to the advantage of founding a population
without the need for a partner. Another reason for the invasion success of parthenogenetic species
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is probably due to polyploidy of these organisms, which make them more tolerant to different
environmental conditions.

Polyploidy has been observed in earthworms, especially for peregrine and invasive species.

1.3.3. Polyploidy in earthworms

Parthenogenetic reproduction is common in earthworms, which could be related to the lack
of sex determining chromosomes in them (Lynch, 1984). Parthenogenetic reproduction in
earthworms could result in or maintains odd or even ploidy degrees, while sexually reproducing
polyploid species have even numbers of ploidy (Terhivuo and Saura, 2006). For instance, for the
athecal individuals (without spermathecae) of Amynthas catenus the ploidy degree are; 2n, 3n,
and 4n, while the sexthecals (with spermathecae) are diploid (2n) (Shen et al., 2011).

Sometimes different ploidy degrees within one morphospecies could be observed by
morphological differences and ecological preferences. For instance, polyploid species;
Dendrobaena subrubicunda (4n) and Octolasion cyaneum (10n), are larger specimens than their
diploid forms, because of clitellum displacement in some segments (Muldal, 1952). Difference in
ecological preferences has also been observed for different ploidy degrees within a species.
Viktorov (1997) demonstrated niche partition for diploid and polyploid individuals in sympatry.
For instance, in south Siberia diploid FEisenia nordenskioldi f. pallida are endogeics while
octoploid E. nordenskioldi f. typica are anecics (Viktorov, 1997). As mentioned above
parthenogenetic species are widespread in a wider range than sexual ones in a pattern called
“geographic parthenogenesis” which is also observed for the earthworms. For instance, sexual
forms of Achaea trapezoids earthworm species are found in the circum-Mediterranean areas, while
parthenogenetic ones are found in a wider range in the rest of the world (De Sosa et al., 2017b).

Despite the fact that more and more species complexes are found in earthworms, no studies
have investigated the possible ploidy degree differences between cryptic species within a complex.
This hypothesis could show the possibility of reproductive isolation among cryptic species which
has occurred by polyploidization which is an abrupt speciation mechanism.
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1.4. Model of study: Pontoscolex corethrurus

Pontoscolex corethrurus, is one the most widespread earthworm species in the tropical and
sub-tropical zones (Box 3). P. corethrurus is also one of the most studied in soil science and high
numbers of studies in different disciplines exist on this morphospecies (Figure 3). P. corethrurus
is in the Rhinodrilidae family and belongs to the genus Ponfoscolex where already 20 species are
known, with three distinct subgenera: Pontoscolex, Meroscolex and Mesoscolex. Pontoscolex
genus has presumably originated from the Guayana shield (Righi, 1984) where high species
diversity within this genus has been observed. This morphospecies is known to be present in a
wide range of habitats from poor soils of pastures to rich soils of primary forests. In 2014, two
cryptic lineages in P. corethrurus complex was found on Sao Miguel Island of Azores archipelago
(Cunha et al., 2014). One lineage was found in a pineapple plantation and the other one in a hostile
environment on a volcano caldera (Furnas). As an invasive species, no synthesis of its impacts on
the environment and the type of environments it invades exist. This information could be useful,
especially after the detection of the cryptic lineages, to find possible differences among studies
due to working on several species instead of one. To date, despite high number of studies on
ecological aspects, less biological studies have been done on this morphospecies thus, information
on ploidy degree, reproduction strategy, and phylogenetic placement of P. corethrurus are lacking.
This thesis alongside the publication of P. corethrurus mitochondrial genome by Conrado et al.
(2017) (Appendix 1) are contributing to fill out the gaps of knowledge on this morphospecies.

Box 3: Characteristics of Pontoscolex corethrurus, A) A juvenile specimen of P. corethrurus, B) Spherical cocoon
of P. corethrurus.

*  Species name : Pontoscolex corethrurus

* Familiy : Rhinodrilidae

* Taxonomic position: uncertain

* Presumed origin: Guyana shield

* Distribution: pan-tropical (peregrine)

* Habitat: from pastures to primary forests

* Ecological category: endogeic

* Reproduction type: probably parthenogenetic
* Ploidy degree: unknown
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Figure 3: Sum of times, P. corethrurus was cited per year from 1999 to 2017, based on Web of Science information.

In 2016 the highest number of citations have been recorded with more than 1200 times.
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L5. Thesis objectives and structure of the document

In my thesis, I was interested to understand the mechanisms and characteristics which have
important roles in the invasion success of the pan-tropical invasive earthworm species;
Pontoscolex corethrurus, based on all the studies done on this species. At the same time, as already
two cryptic lineages were found within P. corethrurus, 1 wondered if this pan-tropical invasive
earthworm could be a complex of several species, where different species under the same
morphology are widespread in different parts of the world. Subsequently, I was interested to know
the invasion roads and the genetic structure of this invasive earthworm species in different
populations throughout the world. It is noteworthy to mention that these issues have been rarely
investigated for tropical peregrine earthworm species. Finally, I wondered if for P. corethrurus
morphospecies a complex of species with different ploidy degrees exist (polyploid complex).
These objectives were studied through four chapters.

Chapter 1: What do ‘positive’ and ‘negative’ impacts of invasive species depend on?

Context: Pontoscolex corethrurus, which is one of the most widespread earthworm species in
the tropical zone is one of the most studied in different disciplines of soil science. This species is
specially known for its negative impacts on soil structure for strong soil compactions similar to
bulldozer impacts but in some cases no compaction has been reported. A synthesis of all the studies
done on this morphospecies is lacking.

Questions:
-What are the key traits in colonization success of P. corethrurus?
-What are the impacts of this species when introduced in a new area?

-Can we find the proof of cryptic species existence in literature based on its impacts and
responses to environment?

Approach: Bibliographic survey of 265 papers on all the present aspects of knowledge on P.
corethrurus from 1857 till 2017.

-This chapter was the subject of an article that has been published in the journal Soil Biology
and Biochemistry in January 2018.

Chapter 2: How many invasive lineages within the complex of species P. corethrurus?

Context: Two cryptic lineages within P. corethrurus morphospecies were found by Cunha et
al. (2014) in a hostile environment i.e., a volcano caldera and in a pineapple plantation, on Sao
Miguel Island of Azores archipelago. We wondered if in a world-wide scale we could find more
cryptic species within this complex.
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Questions:
-What is the genetic structure and diversity within the P. corethrurus specimens?

-What is the phylogenetic placement of P. corethrurus type material, described for the first
time by Fritz Miiller (Miiller, 1856) in 18567

-Do we find quincunx formation of the setae at the last quarter of P. corethrurus body, for the
other species in the genus Pontoscolex?

Approach: Phylogenetic and phylogenomic assessment using two mitochondrial (COI and
16S rDNA) and two nuclear (internal transcribed spacers 2 and 28S rDNA) markers and the
approach of Anchored Hybrid Enrichment (AHE), accompanied with the examination of internal
and external morphological characters.

- This article has been accepted for publication subject to minor revisions in Molecular
Phylogenetics and Evolution journal on 111" of December 2017.

Chapter 3: Phylogeography and population genetics of an invasive peregrine earthworm
species

Context: This chapter aims to investigate the phylogeography and population genetics of the
most widespread lineage belonging to the P. corethrurus complex in a world-wide scale.

Questions:
-Have the cryptic species in P. corethrurus complex reached reproductive isolation?

-Has a ‘super-clone’ of the most invasive species in P. corethrurus complex invaded the
world?

-What is the genetic diversity between the populations in the origin and invaded regions of of
the most invasive species in P. corethrurus complex?

-What is the reproduction strategy of of the most invasive species in P. corethrurus complex?

Approach: Genotyping the specimens’ genome by AFLP method and re-used COI sequences
from chapter two, to construct haplotypes network for of the most invasive species in P.
corethrurus complex.

-This chapter is presented in the form of an article that is in preparation for submission to the
journal Diversity and Distributions.

Chapter 4: Ploidy degree of Pontoscolex corethrurus complex specimens

Context: Ploidy degree of P. corethrurus is still unknown despite being highly studied as a
biological model in different disciplines. This information will help us understand the reproductive
isolation between cryptic species within P. corethrurus complex. Meanwhile, it will help us to
better define the type of molecular analysis (dominant or co-dominant markers), for future studies.
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Questions:

-What are the ploidy degrees of P. corethrurus complex species?

-Does spermatogenesis exist for the specimens in this complex?
Approach: This chapter was done based on cytogenetics classical method.

-Although structured as a scientific article, this chapter will not be submitted for publication.
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11

Chapter 1: What do ‘positive’ and ‘negative’ impacts of invasive
species depend on?
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1L 1. Chapter’s foreword

Synthesis of all the information available on an invasive earthworm species has never been
done. This synthesis can give us valuable evidence on type of ecosystems a particular invasive
species occupies, its impacts and responses to the environment, and the important characteristics
which have made it a successful colonizer. Invasive earthworm species could alter soil structure
and in some cases, have negative impacts which could be detrimental for agricultural crops. Thus,
knowing their impacts in different types of ecosystems, could help us make appropriate decisions
for control management policies of these species.

Pontoscolex corethrurus is one of the most studied invasive earthworm species in the tropical
zone. This species is found in a wide range of different types of ecosystems; pasture, forest, urban
area, and plantations. In this chapter, we intended to gather all the information available in the
literature on P. corethrurus. We were interested to understand the mechanisms of invasion success
of this species. At the same time, we wanted to synthetize the impacts of this species on the
ecosystems it invades, to understand if it has “negative” impacts as is mostly considered for
invasive species. Finally, we wanted to search for possible differences among studies, that could
be explained by the use of specimens belonging to different cryptic lineages for the experiments.
This chapter has been published as a scientific review article in ‘Soil Biology and Biochemistry’
journal.

Bibliographic corpus on P. corethrurus was gathered from ISI Web of Science. Studies on this
species were grouped into 6 major categories (Figure A 1): impact on the environment (33% of the
studies), responses to environmental conditions (32%), earthworm community assessment (22%),
biological features (3%), taxonomy (4%) and other subjects (i.e., genetics, biochemistry,
geographical distribution and digestion) (6%). This chapter was realized by studying 265 articles.
This study has been done in collaboration with Celine Pélosi, researcher of National Institute of
Agronomic Research in France (INRA).

5 Impact on the envirenment 33%
Other subjects 6%

Biological features 3%

Taxonomy 4%

Earthworm community assessment 22%

Responses to environmental conditions 32%

Figure A 1: Pie chart for the major study topics on Pontoscolex corethrurus based on Web of Science. “Impact on the
environment” and “Responses to environmental conditions”, are the most studied topics on this species with 33% and
32%, respectively.
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112, Article

This article has been published in Soil Biology and Biochemistry journal in January 2018,
situated in volume 116, pages 277-289. The title of this publication is: Harmful or useful? A case
study of the exotic peregrine earthworm morphospecies Pontoscolex corethrurus.
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ARTICLE INFO ABSTRACT

Exotic peregrine earthworms are often considered to cause environmental harm and to have a negative impact
on native species, but, as ecosystem engineers, they enhance soil physical properties. Pontoscolex corethrurus is by
far the most studied morphospecies and is also the most widespread in tropical areas. The term of morphospecies
is used in this review because P. corethrurus may in fact constitute a complex of cryptic species. This earthworm
is found in a wide range of habitats, from apparently pristine to any kind of human-disturbed environment. This
review synthesizes 265 studies describing the distribution, morphology, biological and ecological traits of this
morphospecies, as well as its impacts on soil conditions and communities. We then discuss the characteristics
necessary for this specific morphospecies to become a successful colonizer throughout the world and the positive
and negative effects it can have on the ecosystems that it has invaded. We emphasize the lack of knowledge of P.
corethrurus reproductive mode and ploidy level, of its population genetics, and of the potential existence of
cryptic species. To finish, we highlight the fact that data on P. corethrurus interactions with non-earthworm soil

Keywords:

Ecosystem engineers
Environmental impacts
Introduced earthworms
Invasiveness

Soil

Tropical ecosystems

macrofauna are scarce.

1. Introduction

Earthworms are generally described as ecosystem engineers that
greatly impact the physical, chemical and biological properties of soil
(Blouin et al., 2013). Of the 3000-3500 earthworm species that have
been described (Csuzdi, 2012), about 150 species are considered to be
peregrine (i.e., widely ranging, often owing to human activity;
Blakemore, 2012). Most of these peregrine earthworm species are well
adapted to human transport and can colonize disturbed habitats
(Hendrix et al., 2008). Climate may act as a barrier to their dispersal
while their abundance may be limited by soil fertility and plant cover
quality (Ortiz-gamino et al., 2016). It is also recognized that introduced
species may cause changes to the ecosystem to which it has been in-
troduced. For instance, European Lumbricidae such as Lumbricus rubellus
or L. terrestris that have invaded previously glaciated regions in Canada
and the USA have dramatically affected nutrient cycling and the func-
tioning of the native ecosystems (Eisenhauer et al., 2011; Sudrez et al.,
2006).

Most of the species that are deliberately or inadvertently introduced
into a new region fail to survive, and the majority of those that do
survive, do not become invasive pests (Williamson and Fitter, 1996).

* Corresponding author.
** Corresponding author.

Introduced species pass through filters at four well-established spatio-
temporal stages of invasion: introduction, establishment, landscape
spread and integration (Vermeij, 1996). Species traits and environ-
mental characteristics (Vermeij, 1996), as well as propagule pressure
(propagule sizes, propagule numbers, and temporal and spatial patterns
of propagule arrival) (Simberloff, 2009) may explain the success of
these invasive species. Here, we discuss the case of Pontoscolex core-
thrurus, the quintessential peregrine earthworm in the tropics which has
been successfully introduced worldwide. This endogeic earthworm
tolerates a wide range of biotic and abiotic environmental conditions
(Fragoso et al., 1999; Lavelle et al., 1987). It was first described in 1857
by Fritz Miiller from Itajahy in the state of Santa Catarina in Brazil.
Righi (1984) identified the Guyana shield as the original region of the
Pontoscolex genus. Recently, Cunha et al. (2014), revealed the existence
of two highly divergent genetic lineages within P. corethrurus in the
island of Sao Miguel (Azores), suggesting the existence of cryptic spe-
cies (i.e., different species which are not distinguishable morphologi-
cally). Thus, we choose to refer to the “morphospecies” P. corethrurus
(i.e., a species distinguished from others only by its morphology) in this
review. Cryptic species should be accounted for biological and ecolo-
gical studies because different species may show differential
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adaptations to diverse environments and respond differently to per-
turbations.

P. corethrurus is one of the most studied tropical earthworm mor-
phospecies in soil science (Fragoso et al., 1997; Plisko, 2001). It is used
in ecotoxicological studies (Rombke and Garcia, 2000), and it has been
recommended as a bioindicator for the assessment of soil quality and
ecosystem disturbances (Brown et al., 2006). Some restoration strate-
gies of degraded soils have included the introduction of the morphos-
pecies. For instance, it was used for the biofertilisation of tropical
agricultural lands (Senapati et al., 1999; Topoliantz et al., 2002), the
remediation of polluted sites (Duarte et al., 2012; Ganihar, 2003; Garcia
and Fragoso, 2002; Liang et al., 2011), and the improvement of phy-
toextraction treatments (Jusselme et al., 2012). Additionally, its use has
been proposed in vermicomposting (Chaudhuri and Bhattacharjee,
2011; Molina-Murguia et al., 2009; Nath and Chaudhuri, 2012; Sabrina
et al., 2013) and as a source of protein in animal feed for poultry and
pork, and in fisheries (Brown et al., 2006). Although P. corethrurus may
have a positive impact on soil ecosystems in certain circumstances, it
may also negatively affect soil physical properties by increasing soil
compaction. It may also modify biogeochemical processes as well as
communities of plants, microbes and native earthworms (Marichal
et al., 2010).

Four hypotheses have been put forward for explaining the success of
invasive species: (i) they have traits that favour each stage of the in-
vasion process, (ii) they exploit empty niches, (iii) they are favoured by
anthropogenic pressure on natives and (iv) they are no longer under
predatory, parasitic or competitive pressure (Sakai et al., 2001). Here,
our objectives were (i) to address each of these hypotheses in order to
describe the colonization success of the earthworm P. corethrurus in its
pan-tropical region; due to the scarcity of data on the pathogens,
parasites and predators of this species, the fourth hypothesis was not
developed; (ii) to discuss the effects of the morphospecies in the in-
troduced areas and (iii) to identify evidence in the literature suggesting
the use of different cryptic species in experimental studies. We also
identified knowledge gaps and provided promising perspectives for
future research.

2. Literature search

The literature search was carried out using the keyword
“Pontoscolex corethrurus” in Topics of the Web of Science databases
using the ‘All Databases’ option. This option contained ‘Web of Science
TM Core Collection’, ‘Current Contents Connect’, ‘KCI-Korean Journal
Database’, ‘MEDLINE’, ‘SciELO Citation Index’ and ‘CABI’ research en-
gines. We found 302 references published between 1900 and 2017. We
also searched for synonymous species described by Blakemore (2006):
Lumbricus corethrurus, Urochaeta corethrura, Pontoscolex arenicola, Ur-
ochaeta hystrix, Urochaeta dubia, Urochaeta, sp., Urochaeta australiensis,
Pontoscolex hawaiensis, Pontoscolex guangdongensis and Pontoscolex cor-
ethrurus mexicana.

The articles written in English which were relevant for the review
were sorted using the abstracts and the full texts. Moreover, the articles
written in other languages and from which we could extract the in-
formation from the figures and tables, were also used. Finally, articles
that did not focus specifically on P. corethrurus (e.g., when P. corethrurus
was used for comparing results) were excluded. To complete the bib-
liographic corpus, some essential articles, which were not in the Web of
Science, were collected from soil science specialists. The final corpus
was composed of 265 references (Fig. 1). Most of the papers studied
specimens collected outside the Guyana shield which is the putative
native area of P. corethrurus. The greatest number of studies were
conducted in India and Brazil, with 46 references each, followed by
Mexico, with 39 references (Fig. 2).
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Fig. 1. Bibliographic corpus on P. corethrurus gathered in this review (source: ISI Web of
Science). Papers were grouped into 6 different categories, corresponding to the most
studied subjects on P. corethrurus: impact on the environment (33% of the studies), re-
sponses to environmental conditions (32%), earthworm community assessment (22%),
biological features (3%), taxonomy (4%) and other subjects (i.e., genetics, biochemistry,
geographical distribution and digestion) (6%).
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Fig. 2. Distribution map indicating the countries were P. corethrurus was found. Numbers show the countries where more than 10 studies were carried out on P. corethrurus. Four types of
sources were used for this map and are presented in different colors: (i) in green, the locality specified in the Drilobase web site (http://taxo.drilobase.org/), (ii) in red, localities found in
Gates (1972) but not mentioned in the Drilobase, (iii) in purple, four localities (China, Reunion and Guadeloupe islands, and Nigeria) found in the literature (China: (Hua et al., 2008;
Huang et al., 2015; Paz-Ferreiro et al., 2015, 2014; Zhang et al., 2010), Reunion: (Boyer et al., 2013), Guadeloupe: (Lafont et al., 2007; Loranger-Merciris et al., 2012; Sierra et al., 2014),
and Nigeria (Henrot and Brussaard, 1997; Mba, 1994): and (iv) in blue, three islands (St. Kitts, St. Lucia, St. Vincent) where P. corethrurus was sampled (S. James pers. com.) but this was
not recorded in the literature. The map was done on https://mapchart.net/website. When P. corethrurus was recorded in a country, all the country is colored although the distribution of
the species could be more restricted (for instance P. corethrurus is only present is the sub-tropical area of the United States). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

3. General results
3.1. Distribution and dispersal vectors

Pontoscolex corethrurus has a widespread distribution, shown in
Fig. 2. The map shows that it is present not only in tropical regions but
also in sub-tropical zones. For instance, Ortiz-gamino et al. (2016) re-
corded its presence in sub-tropical regions of Mexico, at an elevation of
1550-1619 m above sea level (m.a.s.l.), and an average temperature of
17° = 2, where no other tropical species occur. This morphospecies was
even recorded in the temperate zone, in the Azores archipelago (Cunha
et al., 2014) and the Falkland islands (Reynolds and Jones, 2006). Gates
(1972) mentioned that P. corethrurus was present in a greenhouse in the
London suburb of Kew (United Kingdom), but there is no record of its
expansion in this country.

Several vectors of passive dispersal may be involved in the spread of
peregrine earthworms, e.g., transport of cocoons by streams and surface
water, phoretic interactions with birds and mammals, transport by
humans which can be accidental (with soil or potted plants) or com-
mercial, for fishing bait and waste management industries (P. core-
thrurus is most probably extensively transported by humans). Dupont
et al. (2012) proposed that the accidental transfer of this morphospecies
from Cayenne to the Nouragues reserve in French Guiana, which was
revealed using the Amplified Fragment Length Polymorphism (AFLP)
method, could be due to deliberate soil transfer for scientific experi-
ments and accidental soil transfer on tools and shoes. Moreover, Brown
et al. (2006) indicated that P. corethrurus is commonly used as fish-bait
in Brazil. While Gonzéilez et al. (2006) highlighted the fact that its
dispersal to the Caribbean Islands can be explained by human migration
prior to European colonization, Blakemore (2006) suggested oceanic
drafting as another vector of dispersal.

3.2. Morphology

Our purpose was not to describe in detail P. corethrurus morpholo-
gical diagnosis but instead to highlight the main external and internal

morphological traits mentioned in the literature. When reviewing 13
studies on P. corethrurus taxonomy (see Table 1 for references), we
noticed some heterogeneity in the descriptions. For instance, some
differences in the positions of the clitellum and tubercula pubertatis,
which are key traits in earthworm taxonomy, were observed among
papers. The beginning of the clitellum position has been identified in
either XIV or XV segments while the end of it has been found in three
different segments: XXI, XXII, and XXIII. The beginning of the tubercula
pubertatis has been found in XV, XVIII and XIX segments and its ends in
XXI, XXII and XXIII segments. Moreover, female, male and sper-
mathecal pores have not always been observed (Table 1). Some traits
were homogenous among references, such as the position of sper-
mathecae and calciferous glands. The quincunx formation of setae on
the last quarter of the body was mentioned in several studies. It is a
character commonly used for the diagnosis of this species. However,
Moreno (2004) highlighted the possibility of mistaking this species with
others of the Pontoscolex genus by considering only this characteristic.
Another diagnostic characteristic of the morphospecies is a special
caudal zone described by Eisen (1896) and Gates (1973) of 4-7 seg-
ments (Table 1). The typhlosole which begins approximately at segment
XXI ends with this caudal zone (Gates, 1973).

3.3. Morphospecies traits and environmental characteristics

3.3.1. Reproductive strategy and fecundity

Earthworms are usually hermaphrodites, meaning that both male
and female organ systems, such as testes and ovaries, occur within a
single individual. In P. corethrurus, male reproductive organs are often
absent or atrophied (Gates, 1973; Tsai et al., 2000) and cocoons are
viable without mating, thus suggesting a parthenogenetic reproduction
(Chaudhuri and Bhattacharjee, 2011). In rare cases, Gates (1973) ob-
served some iridescence in P. corethrurus spermathecae that raised the
possibility of biparental reproduction. Sexual reproduction has also
been suggested to occur by Dupont et al. (2012), based on a population
genetics study.

This morphospecies is a continuous breeder with a high fecundity
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Table 1

Morphological characteristics of P. corethrurus described in 13 papers focusing on its
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Table 1 (continued)

taxonomy. External and internal morphological traits mentioned in more than 3 refer- Morphological traits Descriptions
ences were recorded. The positions are based on segments.
Seminal vesicles Absence 5)
Morphological traits ~ Descriptions Presence 2,4,5,7,10,11, 12, 13)
Number One pair (2, 4, 10, 11, 12, 13), 8 to 10
External characteristics segments long (4, 5)
Body length (mm) Minimum 60 (2,4,8), 92 (11, 13), 95 (3), Position XII (2, 12), XV-XVII (11), XIII (13)
Maximum 75 (8), 120 (4,2), 100 (10), 111 (3), 128 Shape Saccular (2, 12), follicular and flattened
(13), 148 (11), 155 (12) (11), taped shape (10)
Segment numbers Minimum 129 (12), 145 (3), 160 (10), 166 (2), Calciferous glands Number Three pairs (1, 2, 3, 5, 7, 8, 10, 11, 13)
167 (5, 11, 13), 193 (8), 200 (6), 212 Position VILIX (1, 2, 3, 5, 7, 8, 10, 11, 12, 13)
(€)] Shape Lingular and flattened (2), oval shaped
Maximum 165 (12), 200 (2, 10), 210 (8), 212 (3), (11, 13), tubular (10, 12),
220 (13), 222 (5), 232 (11), 250 (6)
(1) (Beddard, 1893), (2) (Blakemore, 2006), (3) (Eisen, 1896), (4) (Gates, 1972), (5)
Pigmentation Absence 2, 4, 6,10, 11) (Gates, 1973), (6) (Miiller, 1857), (7) (Narayanan et al., 2016), (8) (Nxele, 2012), (9)
Presence Pale brown (12), white to pink (13) (Righi and Bittencourt, 1972), (10) (Righi, 1990) (11) (Shen and Yeo, 2005), (12)
(Tripathi and Bhardwaj, 2005), (13) (Tsai et al., 2000).
Clitellum Position XV-XXIII (2, 3, 4, 5, 10, 12) XIV-XXII
(11, 13), XV-XXI (8), XV-XXII (1) ) . .
Shape Saddle shaped (2, 4, 5, 7, 8, 11, 12, 13) rate (Gates, 1972; Vannucci, 1953). Under laboratory conditions, an
adult of P. corethrurus can produce up to 145 cocoons per year
Tubercula pubertatis ~ Position Y2 XIX- Y2 XXIII (3), XIX-XXI (2, 8), XIX/ (Arunachalam, 1987; Bhattacharjee and Chaudhuri, 2002; Garcia and
;;‘IX;X)ESI/(‘;)(?(’I;%/ ix)l(ln((l/(‘;‘) );()\‘[Itlcl’ Fragoso, 2002). Cocoons have a short development time ranging from
n - 72 - .
3 > 5 4+ 4+ . ° .
XXI (11, XIX-XXII (12), XV-XXI (13) 21 £ 1to .40 + 9daysat 20 .32 C in laboratory .(Arunachalarn, 19A87,
Shape Longitudinal bands of irregular shape Bhattacharjee and Chaudhuri, 2002; Chaudhuri and Bhattacharjee,
(4,11, 12) 2011; Gates, 1972; Nair et al., 2009; Ortiz-ceballos et al., 2009). The
hatching rate of cocoons is high, ranging from 78% to 97%, depending
Dorsal pore Absent ,11,12,13) on the temperature, in moist soil conditions (Lavelle et al., 1987).
Female pore Absence @, 11, 13) Generally, one hatchling is present per cocoon (Bhattacharjee and
Presence @, 5, 6, 10, 12) Chaudhuri, 2002; Vannucci, 1953; but see Nair et al., 2009). Before
Number One pair (10) depositing their cocoons, P. corethrurus individuals build spherical nest
Position XIV-XV (10) chambers (mean diameter of 5.97 + 1.24 mm) with their buccal ap-
Male pore Absence .8, 11, 12) pendix and coat the chambers with a fine layer.of 5011.a{1d mucu.s (Ortiz-
Presence @, 4,7, 13) ceballos et al., 2009). Cocoons are then laid individually in these
Number One pair (10) chambers (Hamoui, 1991; Vannucci, 1953). The nest chamber are
Position XIX/XX (2), intersegmental in XX-XXI surrounded by a ‘feeding-chamber’ where casts are deposited and
(10), XVIL (13) where juvenile earthworms can come to feed once hatched (Ortiz-ce-
Spermathecal pores Absence (11, 13) ballos et al., 2009).
Presence (2,3,5,7,10,12) Research has revealed that P. corethrurus present a relative re-
Number Three pairs (7, 10, 12) productive plasticity. For instance, this morphospecies has been shown
Position 81’;/‘3;;";’333;“?71 f;’(r)"ol“g 05551\1”1' to increase its rate of cocoon production and incubation period with
VIIL/IX ;2 5) PR ) increased temperature (Bhattacharjee and Chaudhuri, 2002). More-
over, Garcia and Fragoso (2003) showed that individuals from the same
Tail's quincunx Presence 2, 4,5,7,8,10, 11, 12, 13) population of P. corethrurus raised on different substrates displayed a
formation of possible physiological trade-off between cocoon number and cocoon
setae weight, related to nitrogen (N) limitations. In their experiment, P.
Caudal zone Position CVIL-CXVIII (3), CXIII-CXXXIII (5), corethrurus produced fewer but bigger cocoons (> 50 mg) in soils with
CXX-CXXX (9), high N-availability and more but smaller cocoons (< 50 mg) when N
Number 4-7 (5), 5-7 (9) segments long was less available (Garcia and Fragoso, 2003).
Internal characteristics
Typhlosole Presence 2,4,5,7,10, 11,12, 13)
Caeca absence (7, 11, 12, 13) 3.3.2. Feeding habits, soil nutrient content and plant composition of the
Caeca presence (2)
Typhlosole XXI-XXV (4), XXII-XXV (10), XV (11, ecosystem L. . . .
position (start)  13), XXII (12) The P. corethrurus diet is geophagous (i.e., feeding on soil) and can
Typhlosole CVII-CXXXVIII (5), CXII-CXXV (10) be classified between the polyhumic (i.e., ingesting soil with high or-
position (end) ganic matter content) and mesohumic (i.e., feeding indiscriminately on
s 0 Numb T irs (1), th rs (2,3.5.7, 8 both mineral and organic particles) endogeic categories (Barois et al.,
permatiiecae rmber 18’01[1’;111“2 13’) ree pals i85 2, 7 S 1999; Lavelle et al., 1987). Research has suggested that P. corethrurus
Position VILIX (2, 3,5, 7, 8,10, 11, 12, 13), VIII- may derive much of its tissue carbon (C) from rhizospheric sources
IX (1) (Spain et al., 1990) and fungal biomass may be its main source of N
Shape Club-shaped (8), tubular (11) (Lachnicht et al., 2002).
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Its abundance is positively affected by organic matter availability
(Garcia and Fragoso, 2002; Marichal et al., 2010; Ortiz-Gamino et al.,
2016), N availability (Li et al., 2010; Marichal et al., 2010) and P
availability (Marichal et al., 2011) in the soil. Therefore, this mor-
phospecies prefers rich soils in terms of organic matter and leaf litter
(Liu and Zou, 2002; Ganihar, 2003; Garcia and Fragoso, 2003). It is,
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however, worth noting that Ayala and Barois (2016) showed in a la-
boratory experiments that P. corethrurus was unable to grow in an ex-
tremely rich substrate of 75-100% organic matter, the mortality rate
being between 56 and 100%.

P. corethrurus is also able to feed in environments where litter re-
sources are low (Lavelle et al., 1987; Marichal et al., 2010; Ponge et al.,
2006; Shilenkova and Tiunov, 2015). For instance, P. corethrurus
reached a remarkably high density (200 ind.m~2) in a soil extremely
poor in organic matter, the alluvial sandy soil of a gallery forest along
the Dong Nai River in the Cat Tien National Park, southern Vietnam.
The results of a microcosm experiment suggested that the high abun-
dance of these earthworms in poor sandy soils might be due to assim-
ilation of labile carbon released to the soil from plant roots (Shilenkova
and Tiunov, 2015).

Plant species differ in the quantity and quality of litter produced,
and these differences may significantly affect earthworm populations
(Zou, 1993): the density of P. corethrurus was higher in Hawaiian
plantations considered to have high litter quality (Albizia falcataria
plantations) compared with plantations with lower litter quality (Eu-
calyptus saligna). Plants may affect earthworm populations in other
ways; for instance Le6én and Zou (2004) showed that the shift from grass
vegetation (Axonopus compressus) to woody plants (Miconia prasina) in
secondary forests of Puerto Rico decreased the abundance and biomass
of P. corethrurus through reducing fine root biomass.

3.3.3. Habitat

3.3.3.1. Vegetative cover. P. corethrurus seems to proliferate in disturbed
habitats (Marichal et al., 2010) and is often found to be dominant in
croplands, pastures, urban areas and gardens (Table 2). However, P.
corethrurus has also been found in forests (Table 2). In particular, it was
found to be dominant in the primary forests of the Manzillo Wildlife
Refuge and of the Tortuguero National Park in Costa-Rica (Lapied and
Lavelle, 2003), in the tropical rainforests of Puerto-Rico (Zou and
Gonzalez, 1997) and in the cloud forest at the top of Luquillo Mountains
(Liu and Zou, 2002), a result highlighting that this species also lives in
undisturbed ecosystems.

3.3.3.2. Soil moisture and temperature. P. corethrurus populations are
generally found in areas where the annual mean temperature is above
20 °C. Reproduction being restricted to the 23-27 °C range, P.
corethrurus growth to the adult stage is only possible between 20° and
30 °C (Lavelle et al., 1987). Contrary to other tropical species (e.g.,
Meroscolex marcusi and Andiorrhinus caudatus), P. corethrurus is resistant
to dehydration (Ayres and Guerra, 1981). However, if the soil moisture
is too low (depending on the soil type), P. corethrurus may go into
diapause (i.e., temporary suspension in development) (Chuang et al.,
2004; Guerra, 1994). The use of soil moisture treatments as a gradient
of “optimal-stress” environmental conditions by Fragoso and Lozano
(1992), showed that juveniles and adults of P. corethrurus use different
strategies for tissue regeneration. In juvenile worms, caudal amputation
resulted in the initiation of diapause and, consequently, in the
activation of the process of regeneration, independently of
environmental conditions. Adults were only capable of regenerating
tissue during diapause, which mainly occurred under conditions of
environmental stress (soil dryness in the experiment). In a laboratory
experiment, Zhang et al. (2008) showed that soil dryness was the
primary factor limiting the reproduction of P. corethrurus.

3.3.3.3. Soil physico-chemical characteristics. Although P. corethrurus is
found in a wide range of soil types (e.g., Entisol-Oxisol, Vertisol,
Ferrasol, Ultisol, Fluvisol, and Andosol soils), Huerta et al. (2007)
showed in Tabasco, Mexico that it prefers sites with high silt content
(Fluvisol). It tolerates a wide range of soil pH (Garcia and Fragoso,
2002; Lavelle et al., 1987) and, although it is often found in relatively
acidic soil i.e., from 4.5 to 6.8 (Table 2, Teng et al., 2013), it favors soils
with higher pH. Studying a wide range of deforested soils of Eastern
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Amazonia, Marichal et al. (2010) revealed that P. corethrurus densities
covaried with pH and also with silt. Although it seems to favour soils
with high pH, Marichal et al. (2012) found a positive relationship
between mortality and pH in soil sampled in Eastern Brazilian
Amazonian soils with high pH values (7.41 and 7.96). Juveniles seem
more sensitive to pH than adults; Topoliantz et al. (2005) found that
treatments increasing pH, such as charcoal addition, promoted juvenile
activity (i.e., casting).

3.3.3.4. Soil contaminants. Zavala-Cruz et al. (2012) proposed that the
ability of P. corethrurus to colonize contaminated soils could be
favoured by a genetic plasticity that confers a certain tolerance to
pollutants or a specific genetic resistance to pollutants. P. corethrurus
has indeed a broad tolerance towards soil contaminants and has been
found in different polluted sites. For instance, P. corethrurus was the
most abundant morphospecies (75% of the total abundance of the
community) in a site contaminated with hydrocarbons after an oil spill
about 20 years previously in Tabasco, Mexico (Hernandez-Castellanos
et al., 2013), suggesting a high tolerance to benzo(a)pyrene (BaP).

A similar tolerance to trace elements has been reported by Duarte
et al. (2014) in a lead (Pb) mining site in Southern Brazil. They showed
that P. corethrurus biomass, cast production and survival rates were
reduced only at high Pb soil concentrations (9.716 pg g~ '), compared
to low and intermediate Pb concentrations (maximum 4.278 pg g~ ).
Similarly, P. corethrurus mortality, growth and cocoon production were
affected only at high mercury (Hg) concentrations (50 and 100 ug g~ *
soil) after 56 days in a laboratory experiment with soils from forested
sites in French Guiana (Da Silva et al., 2016). Buch et al. (2017) worked
on soils of two Brazilian forest conservation units that had been pol-
luted by Hg due to atmospheric deposition. They found cocoon pro-
duction and earthworm growth to be affected at much lower con-
centrations of Hg i.e., 8 ug g~ ! than that reported by Da Silva et al.
(2016). At this concentration, P. corethrurus individuals were not found
to avoid the contaminated soil. As with other contaminants and
earthworm species (Pelosi et al., 2014), the bioavailability of chemicals
in soils is highly dependent on soil properties (Van Gestel and Weeks,
2004). Therefore, the effects of trace elements on P. corethrurus are
likely to depend on soil type, moisture, temperature and many other
soil characteristics.

Only a few studies have investigated P. corethrurus sensitivity to
pesticides. Kale and Krishnamoorthy (1979) assessed the effects of the
insecticide Sevin (i.e., 1-naphthyl-n-methylcarbamate) which was
mixed with a clay loam in the laboratory. They found the lower con-
centrations (i.e., 37.5-75 ppm) to have a stimulatory effect on earth-
worm growth and survival rather than an inhibitory effect. However,
the highest concentrations (i.e., > 150 ppm) resulted in growth delays
and reduced rates of survival. Forster et al. (2006) showed that P.
corethrurus was very sensitive to the fungicide carbendazim. This fun-
gicide, forbidden in Europe since 2009, caused a decrease in P. core-
thrurus abundance during a three-month experiment under laboratory
conditions using intact soil-core terrestrial model ecosystems (TMEs).
This result was confirmed by Buch et al. (2013) who revealed that
carbendazim at 3.16 mg a.i.kg ~ ' and the insecticide carbofuran at 5 mg
aikg™! applied in boxes filled with artificial tropical soil (TAS, a
substrate used in ecotoxicological tests (OECD, 1984)) had lethal effects
on this morphospecies.

Finally, the response of P. corethrurus to herbicides is variable, as it
is for the other contaminants mentioned above. Even at the highest
concentrations of a glyphosate-based herbicide (GBH) (47 mg a.i.kg ™ D,
Buch et al. (2013) did not find any significant effect on mortality.
Conversely, Garcia-Pérez et al. (2014) showed that GBH could have
lethal impacts on P. corethrurus, as the application of GBH to coffee
plantations thrice a year caused significant reduction in P. corethrurus
density (167 and 353 ind.m~2 with and without herbicide, respec-
tively) and biomass (23 and 45 g m~2 with and without herbicide,
respectively). However, in another study under laboratory conditions
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Table 2
Relative abundance and dominance status of P. corethrurus based on papers published since 2000. The relative abundance of other species (sp.) is also presented. When the information
was available, it is indicated when the species was considered dominant (D).

Habitat Country Soil pH Relative abundance (%) Ref"

P. corethrurus  other exotic sp native sp undefined origin sp

Forest Secondary forest Brazil B 25.0 75.0 B B 1
Disturbed native forest Brazil 5 _ 100 _ _ 2
Forest of the Cahuita National Park Costa Rica  _ 68.2 (D) 31.8 _ _ 3
Peripheric primary forest of Tortuguero National Park Costa Rica  _ 100 (D) B B B 3
Primary forest of the Manzanillo Wildlife Refuge Costa Rica  _ 91.4 (D) 8.6 B _ 3
Remote primary forest of Tortuguero National Park Costa Rica  _ _ _ 100 _ 3
Forest Cuba 5.62 65.8 (D) 21.4 12.8 _ 4
Mixed forest India 4.62 28 (D) 22.3 49.7 _ 5
Elfin woodland Puerto Rico _ 14.7 16.5 68.8 _ 6
Flooded Pterocarpus Puerto Rico _ B B 100 B 6
Lowland moist forest Puerto Rico _ 51.5 34 14.5 B 6
Lowland dry forest Puerto Rico _ _ 100 B B 6
Palo colorado forest Puerto Rico _ 51.7 _ 48.3 _ 6
Sierra palm forest Puerto Rico _ 85.7 2.4 11.9 B 6
Tabonuco forest Puerto Rico _ 80.2 2.4 17.4 B 6
Forest with coffee (Coffea arabica) Puerto Rico 6.7-6.8 100 (D) _ _ _ 7
Forest with fern (Dicranoteris flexusosa) Puerto Rico 5.8-6.8 100 (D) B B B 7
Forest with Selaginella spp. Puerto Rico 5.3-5.9 79.0 (D) B 21.0 _ 7
Maricao State Forest Puerto Rico 4.5-5.0 98.0 (D) _ 2.0 _ 8
Wet forest (well-drained areas) Puerto Rico 4.7 97.0 (D) 1.0 2.0 9
Wet forest (Tabonuco forest) Puerto Rico 5.9 95.0 (D) 5.0 9
Fresh water swamp forest Singapore _ 86.0 _ B 14.0 10
Bukit Timah nature reserve (foret) Singapore _ 12.5 _ _ 87.5 10
Upper seletar resevoir park (foret) Singapore _ 91.6 _ _ 8.4 10
Dry evergreen forest Thailand _ 58.8 _ _ 41.2 11
Dry dipterocarp forest fired Thailand _ _ _ _ 100 11
Dry dipterocarp forest-non fired Thailand _ _ _ _ 100 11

Wetland Sungei buloh wetland reserve (covered with Singapore _ 87.2 _ _ 12.8 10
mangroves)

Pasture and grassland Cultivated pasture Brazil 5.3 50.0 50.0 _ _ 2
Perennial pasture Brazil 4.6 N 100 _ _ 2
Old pastures 1 Brazil _ 43.0 39.0 18.0 _ 1
Old pastures 2 Brazil B 96.0 (D) 2.1 1.9 B 1
Pasture Cuba 5.6 11.3 74.8 (D) 13.9 _ 4
Pasture (extensive cattle farming) 1 Mexico 6.6 19.6 _ 80.4 _ 12
Pasture (extensive cattle farming) 2 Mexico 6.6 37.0 63.0 B B 12
Pasture (semi-intensive cattle farming) 1 Mexico 5.5 46.0 54.0 _ _ 12
Pasture (semi-intensive cattle farming) 2 Mexico 5.6 _ 100 _ _ 12
Rifle range (grass field) Singapore _ 54.1 _ _ 45.9 10
Grassland Thailand _ 55.6 B B 44.4 11

Culture and plantation  Grain crop (converted from an old pasture) Brazil _ 87.0 (D) 8.3 4.7 1
Grain crop field 1 Brazil B 0 66.5 33.5 B 1
Grain crop field 2 Brazil _ 0 30.0 70.0 (D) 1
Sugarcane (Saccharum sp.) 2 Brazil _ 10.0 60.0 30.0 _ 1
Sugarcane (Saccharum sp.) 1 Brazil _ 41.0 50.0 9.0 _ 1
Manduirana plantation Brazil 5.6 B 100 B B 2
Banana plantation Costa Rica  _ 100 (D) _ _ _ 3
Mixed fruit plantation India _ 20.0 8.3 71.7 (D) _ 13
Pineapple plantation India B 10.4 1.9 87.7 (D) _ 13
Rubber plantation India 4.7 71.8 (D) 5.4 22.8 _ 14
Rubber plantation India 4.5 76.5(D) 3.3 20.2 _ 5
Agricultural ecosystem Malaysia 6.1 7.8 B _ 92.2 (D) 15
Rice paddy Thailand B 27.3 B B 72.7 11
Cassava plantation Thailand _ 55.8 _ _ 44.2 11
Forest plantation Thailand _ 93.3 _ _ 6.7 11
Mango plantation Thailand B 71.4 B B 28.6 11
Sugarcane plantation Thailand _ _ _ _ 100 11

Urban area and gardens Lawn Brazil 4.6 25.0 75.0 _ _ 2
Bribri village Costa Rica  _ 100 (D) B _ B 3
Cahuita village Costa Rica  _ 91.8 (D) 8.2 _ _ 3
Puerto Viejo village Costa Rica  _ 89.7 (D) 10.3 _ _ 3
Campus of National University of Singapore Singapore _ 16.7 _ _ 83.3 10
Kranji wireless station Singapore - 80.8 _ _ 19.2 10
Singapore botanic gardens Singapore _ 91.7 _ _ 8.3 10
Household area Thailand B 27.2 B _ 72.8 11
Office building area 1 Thailand _ 52.0 _ B 48.0 11
Office building area 2 Thailand _ 51.0 _ _ 49.0 11

2 References: (1) (Nunes et al., 2006), (2) (Ressetti, 2006), (3) (Lapied and Lavelle, 2003), (4) (Martinez and Sanchez, 2000), (5) (Chaudhuri and Nath, 2011), (6) (Gonzalez et al.,
2007), (7) (Borges et al., 2006), (8) (Hubers et al., 2003), (9) (Gonzéilez et al., 1999), (10) (Shen and Yeo, 2005), (11) (Somniyam and Suwanwaree, 2009), (12) (Ortiz-gamino et al.,
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2016), (13) (Dey and Chaudhuri, 2014), (14) (Chaudhuri et al., 2008), (15) (Teng et al., 2013).

by the same authors, earthworms exposed to a Coffea litter polluted by
GBH produced the same number of cocoons as P. corethrurus fed with
the unpolluted litter (Garcia-pérez et al., 2016).

3.4. Impact of P. corethrurus on its environment

3.4.1. Physical impacts on soil structure

P. corethrurus is known to compact soil. As a consequence of its
feeding activity, small aggregates are progressively transformed into
larger aggregates which tend to accumulate in the absence of other
agents that break down these larger aggregates; the soil is thus pro-
gressively compacted (Alegre et al., 1996; Blanchart et al., 1997). The
accumulation of casts by P. corethrurus at the soil surface under moist
soil conditions may result in the formation of a continuous muddy layer
of earthworm casts if “decompacting” activities by other invertebrate
populations are too weak. The growth of plants is then prevented and
when droughts occur, this layer turns into a compact thick crust. As a
consequence, large patches of bare soil impermeable to water and air
are generated (Chauvel et al., 1999). Alegre et al. (1996) observed a
significant increase in bulk density from 1.12 to 1.23 g cm ™2 and a
decrease in porosity from 58% to 53% in the presence of P. corethrurus
in a loamy soil in Peru. Similar changes were found in a reciprocal
transplant study by Barros et al. (2001) where blocks of forest soil with
48% porosity (in an experimental station in Central Amazonia in Brazil)
were transferred to a pasture with 16% porosity where P. corethrurus
was very abundant (400 ind.m~?) and vice versa. After 1 year, the
transplanted blocks of forest soil presented a porosity of 26%, whilst the
transplanted blocks of pasture soil presented a porosity of 34%.

By contrast, in certain circumstances, P. corethrurus contributed to
soil bioturbation processes and decreased soil compaction. Zund et al.
(1997) demonstrated that the presence of P. corethrurus decreased bulk
density and increased aeration of a compacted Oxisol from Australia.
Moreover, Hallaire et al. (2000) showed, in a sandy loam soil in Yur-
imaguas, Peru, that P. corethrurus activity induced a compaction of the
surface soil, through a coalescence of casts, in plots without organic
inputs whereas they created a crumb structure in plots with high soil
organic matter contents. Although it is generally accepted that soil
compaction by macroaggregation occurs when soil organic matter
(SOM) is missing, Sparovek et al. (1999) showed that P. corethrurus
inoculation, with or without organic matter amendment, resulted in soil
compaction in an acidic Oxisol of Brazil.

3.4.2. Chemical impacts

3.4.2.1. Organic matter mineralization and nutrient cycling. Earthworm
activity via the production of casts is recognized as an important factor
affecting C, N and phosphorus (P) cycles in the soil and CO, and N,0O
fluxes from the soil to the atmosphere (Chapuis-Lardy et al., 2010;
Jiménez et al., 2003; Lavelle et al., 1998). The activity of such endogeic
geophagous earthworms is often considered to increase C
mineralization in the short term and favour C storage through the
stabilization of SOM in stable micro-aggregates in the long term
(Lavelle et al., 1997; Lavelle and Martin, 1992; Lavelle and Spain,
2001). The influence of earthworms on SOM and nutrient dynamics
may depend on a number of factors including the time frame in
question but also inherent soil properties, the form of management in
place (Fonte et al., 2010) and the interaction with plants (Fonte et al.,
2012). Using microcosm experiments, Fonte et al. (2010) showed that,
in the first 15 cm layer of the soil, P. corethrurus decreased the total soil
C by 3% under the Quesungual slash-and-mulch agroforestry system of
western Honduras (QSMAS). The QSMAS is an agricultural system with
short fallow periods and promoted by extension agents with the
intention of reducing the slash-and-burn agricultural strategy (Pauli
et al., 2005). By comparing treatments with and without earthworms in
maize crops under no tillage in the Peruvian Amazonia, Desjardins et al.
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(2003) showed that the total carbon content of the 0-10 cm depth was
dramatically reduced by 28% in the earthworm — inoculated plots. The
results of a 5 months incubation of P. corethrurus with added rice and
soybean residues suggested that incorporation of organic C by
earthworm was higher with smaller rice residues than with larger and
woodier soybean residues (Coq et al., 2007).

Earthworm activity is recognized to be an important factor in reg-
ulating CO, fluxes from the soil to the atmosphere (Speratti and
Whalen, 2008). We found only one laboratory study investigating this
issue with P. corethrurus. The study showed that its presence in Ferralsol
of Madagascar induced a significant increase in CO, emissions
(Chapuis-Lardy et al., 2010).

In addition to its effects on C dynamics, P. corethrurus is known to
enhance N mineralization and availability (Araujo et al., 2004;
Gonzalez and Zou, 1999; Lafont et al., 2007; Lavelle et al., 1992; Tapia-
Coral et al., 2006). For instance, Lavelle et al. (1992) showed that
mineral N concentrations ranged from 133.1 to 167.8 ug N per gram
dry soil in fresh casts of this morphospecies fed on an Amazonian Ul-
tisol. This was approximately five times higher than the concentration
in the non-ingested soil. Similarly, Pashanasi et al. (1992) and Araujo
et al. (2004) found that the introduction of P. corethrurus significantly
increased the soil microbial biomass-N (bio-N) and mineral-N avail-
ability in various experiments. However, in a mesocosm experiment,
Fonte and Six (2010) found no significant effect of P. corethrurus on
potentially mineralizable N using a method that measured relatively
labile sources of organic N.

Finally, it is generally accepted that earthworms increase P avail-
ability across a wide range of agroecosystems (Jiménez et al., 2003;
Lopez-Hernandez et al., 1993). A significant increase of exchangeable
phosphate was observed in the casts of P. corethrurus in several ex-
periments carried out in mesocosms using topsoil dug to a maximum of
25 cm depth (Chapuis-Lardy and Brossard, 1995; Chapuis-Lardy et al.,
1998, 2009; Lopez-Hernandez et al., 1993; Sabrina et al., 2013), thus
confirming its important contribution to phosphate cycling in tropical
soil surface layer. Surprisingly, Fonte and Six (2010) observed a de-
crease in P availability in presence of P. corethrurus in the surface 15 cm
of mesocosms that were incubated under field conditions within the
QSMAS in western Honduras. They proposed that increased P enrich-
ment and availability in casts comes at the expense of lower P content
and availability in non-ingested soil.

3.4.2.2. Metal mobility and availability in soils. In general, earthworms
increase the availability and mobility of essential (e.g., Zn, Cu, Mn, Fe)
and non-essential (e.g., Cd, Pb, Hg) metals in both contaminated and
uncontaminated soils (Sizmur and Hodson, 2009). Using a sequential
extraction procedure, Duarte et al. (2012) revealed that P. corethrurus
significantly reduced the amount of Pb in the soluble and exchangeable
forms in the soil, and increased the Pb bound in Fe and Mn oxides in the
casts. This can be beneficial for soil bioremediation. In addition,
Jusselme et al. (2015) found that P. corethrurus has an indirect impact
on the Pb phytoextraction ability of Lantana camara. The presence of
earthworms enhanced L. camara biomass by about 1.5-2 times, thereby
increasing the uptake of Pb two to threefold (Jusselme et al., 2015).

3.4.3. Impact on biotic factors
3.4.3.1. Effect on other earthworm species. Pontoscolex corethrurus may
reach high densities in some areas. Marichal et al. (2010) surveyed 270
sites in Brazil and Colombia and showed that where P. corethrurus
occurred, its average density was 90.2 ind.m ™2 ranging from 5.3 to
567 ind.m~2 The density of P. corethrurus populations is often
inversely correlated with the density of other earthworm species
(Chaudhuri and Nath, 2011; Gonzalez et al., 1996; Lapied and
Lavelle, 2003; Rombke et al., 2009).

Some studies have suggested that an increase in density of P.
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corethrurus could cause the loss of native species populations (Fragoso
et al., 1995; Lapied and Lavelle, 2003). However, the coexistence of this
morphospecies with native species has been observed in several sites of
different forests in Cuba, India, Puerto Rico, in pastures in Brazil, Cuba
and Mexico and in cultures and plantations in Brazil and India
(Table 2). The coexistence or replacement of native earthworms by
exotic ones may depend on the disturbance history and the state of
naturalness of the landscape (Gonzalez et al., 2006). Different re-
lationships among P. corethrurus and native earthworms may depend on
the specific context of the study area. For instance, in a mid-altitude
Tabonuco forest (400 m above sea level) in Puerto Rico, Hendrix et al.
(1999) showed that the niches of P. corethrurus and the native earth-
worm Estherella sp. Overlapped completely in sites rich in N resources.
On the other hand, in a tropical forest in Puerto Rico, Lachnicht et al.
(2002) found the activity of Estherella sp. and P. corethrurus to be spa-
tially separated, and it appeared that they excluded each other from
bottom and surface layers. Marichal et al. (2010) suggested that the
replacement of native species by P. corethrurus is a result of changes in
the environment, such as deforestation in tropical rainforest areas, that
affect both groups of species differently, rather than the result of
competition between invasive and native species. They proposed that
while native species tend to disappear because of the destruction of
their habitats and reduction of their food sources, P. corethrurus can
occupy the soil with increased pH, C and nutrient contents created by
the deforestation and burning.

In some cases, the dominance of native species over P. corethrurus
was found, such as in pineapple plantations of West Tripura in India
where the endogeic native species Drawida assamensis was dominant
although P. corethrurus was present (Table 2, Dey and Chaudhuri,
2014).

Lastly, P. corethrurus may coexist with other exotic earthworm
species (Table 2) such as Dichogaster spp in Brazil and Costa Rica(Lapied
and Lavelle, 2003; Nunes et al., 2006), Ocnerodrilus occidentalis and
Drawida barwelli in Puerto Rico and Cuba (Gonzéilez et al., 2007;
Martinez and Sanchez, 2000) Amynthas gracilis and Octolasion tyrtaeum
in Mexico (Ortiz-gamino et al., 2016) and Metaphire houlleti, M. post-
huma, Perionyx excavatus and Amynthus alexandri in India (Dey and
Chaudhuri, 2014).

3.4.3.2. Effect on nematodes. Earthworms can have either a direct (e.g.,
by ingestion) or an indirect (i.e., by physical and chemical changes of
soil properties) impact on plant-feeding nematodes (Blouin et al., 2005;
Lafont et al., 2007; Senapati, 1992; Wurst, 2010). Under laboratory
conditions, Boyer et al. (2013) revealed a decrease in Heterodera
sacchari and Pratylenchus zeae populations, two plant parasitic
nematodes, in the presence of P. corethrurus. They highlighted a
transit effect on nematode populations during the passage through
the earthworm gut. However, Lafont et al. (2007) and Loranger-
Merciris et al. (2012) found that the density of the banana feeding
nematodes Radopholus similis, Pratylenchus coffeae and Helicotylenchus
multicinctus did not significantly decrease in presence of P. corethrurus in
microcosm experiments, although they observed significantly less root
damage induced by nematodes. Finally, P. corethrurus may have a
positive effect on total nematode densities, as shown by Villenave et al.
(2010) in a 5-month field mesocosm experiment conducted in
Madagascar. The authors revealed that P. corethrurus stimulated the
microbial community, which increased the density of the dominant
microbiovorous bacterial-feeding and fungal-feeding nematodes.

3.4.3.3. Effect on soil microorganisms. Endogeic earthworms have
developed complex interactions with soil microorganisms. In
particular, the digestion process in the earthworm gut is known to
enhance microbial activity (Barois and Lavelle, 1986; Drake and Horn,
2007). The feeding activity of P. corethrurus has been shown to result in
increased microbial biomass and activity in casts after soil was passed
through the gut and excreted (Barois, 1992; Barois and Lavelle, 1986;
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Bernard et al., 2012). Thus, P. corethrurus has provided a basis for the
‘sleeping beauty’ hypothesis where water and soluble-C in the form of
intestinal mucus produced by the earthworm awakens dormant
microbial communities in the gut, thereby increasing mineralization
of the stable forms of SOM ingested (Lavelle et al., 1983). While
dormant microorganisms may be activated during their transit through
the gut, others remain unaffected, and yet others digested in the
intestinal tract (Drake and Horn, 2007). Barois (1992) pointed out
dissimilarities of gut microbial activity among P. corethrurus
populations suggesting that different populations might show
differences in physiological genetics and/or in the intensity of the
mutualism with the soil microbial communities. This latter study also
demonstrated that temperature has a direct effect in triggering
microbial activity within the gut of P. corethrurus.

3.4.3.4. Effect on plants. Earthworms generally have positive effects on
plant growth in the tropics (Brown et al., 1999) by affecting soil
maccroaggregation and availability of nutrients. We previously
highlighted (section 3.4.1) that soil macroaggregation by P.
corethrurus often resulted in increased soil bulk density, and
decreased total soil porosity and water infiltration, along with some
changes in the soil moisture patterns. Such changes in a sandy loamy
soil might be beneficial to some crops such as shown by Alegre et al.
(1996) for rice cowpea and maize. Pashanasi et al. (1996) showed that
the inoculation of P. corethrurus at a density of 90 ind.m~2 had a
positive effect on soil properties and plant production in low-input
cropping systems at Yurimaguas (Peru), although this positive effect
varied depending on rainfall, plants and organic inputs. In particular,
maize seemed to respond better than rice to earthworm effects, while
cowpea did not respond at all.

A major factor affecting plant growth, in relation to the presence of
earthworms, is the availability of resources. If the casts, which are
enriched in nutrients necessary for plant growth such as N, P, and po-
tassium (K) (Chaudhuri et al., 2012; Lopez-Hernandez et al., 1993) are
deposited close to plant roots, they can have significant positive im-
pacts on plant growth (Lavelle et al., 1992). For instance, Loranger-
Merciris et al. (2012) showed that P. corethrurus enhanced dessert ba-
nana growth through increased P availability in its casts. In another
study, the presence of P. corethrurus increased aboveground biomass of
Brachiaria decumbens by 30%, via increased availability of soil nutrients
(Fonte et al., 2012).

The activity of P. corethrurus may also promote plant health. Teng
et al. (2016) demonstrated that the severity of banana blood disease
(i.e., a destructive bacterial infection caused by Ralstonia solanacearum)
decreased after the inoculation of P. corethrurus. This process was ex-
plained by a higher plant biomass in comparison to controls, as roots
were exposed to high densities of beneficial microorganisms through
burrowing and casting activities of the earthworms (Teng et al., 2016).

4. Discussion
4.1. Components of P. corethrurus invasion success

Identifying traits correlated with invasiveness is a central goal in
invasion ecology. It is generally agreed that distinct characteristics are
important during different stages of the invasion process (e.g., Ribeiro
et al., 2008). In particular life history traits (i.e., traits involved in re-
production, growth and survival) may help to differentiate potentially
successful and unsuccessful invaders (Sol et al., 2012). During the first
stage of the invasion, which is the arrival of a species in a new habitat,
one or more propagules of a species must first be carried and survive the
dispersal. Most long-distance introductions of P. corethrurus to new
areas are the direct or indirect result of human activities. This earth-
worm was thus transported throughout the world (Fig. 2) and these
events that were probably recurrent are extremely difficult to date.

Once propagules are introduced, a successful invader must establish
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a reproducing population. P. corethrurus is a continuous breeder with a
high fecundity rate, a high hatching success and a short development
time (Lavelle, 1981). Organisms with such characteristics are often
classified as r-selected and recognized to be frequently colonizing spe-
cies (Bufford and Daehler, 2011). The fact that P. corethrurus can re-
produce by parthenogenesis predisposes this species to invasiveness.
Indeed, the ability of a single individual to establish a population is an
important characteristic of many invasive species (e.g. Dybdahl and
Drown, 2011). Yet, parthenogenetic species lack the capacity to gen-
erate novel genetic variation necessary for evolvability (i.e., the ability
of a population to adapt in response to environmentally induced stress,
Waddington, 1965) due to the absence of bi-parental reproduction and
genetic recombination. It has been suggested however, that P. core-
thrurus is capable of bi-parental reproduction (Dupont et al., 2012;
Gates, 1973). Such a mixed-mating system, allowing reproduction
through inbreeding and outbreeding according to mating possibilities,
is a trait that may favour the rapid establishment of an exotic species in
new areas (Dupont et al., 2007). The possibility of sexual reproduction
should be investigated by genotyping parents and offspring from cross
experiments. Moreover, knowledge of the ploidy level of P. corethrurus
could help to better understand its reproductive mode. Indeed, par-
thenogenesis is closely linked to polyploidy in earthworms and odd
number of chromosomes are often incompatible with sexual re-
production (Shen et al., 2011).

Competitive ability is another trait that may confer an advantage for
invasive species during establishment. Many studies have documented
invaders that show a superior ability to exploit local resources when
compared with native residents (Sakai et al., 2001). Plasticity, i.e., the
ability of an organism to cope with a wide variety of habitats and
conditions, is thus an important factor in the success of the establish-
ment step (Bufford and Daehler, 2011). P. corethrurus is described as
euryecic (i.e., of wide ecological plasticity). For instance, P. corethrurus
has a broad tolerance towards soil contaminants. Its fitness (i.e., in-
dividual reproductive success to participate in next generation pool
gene) in different polluted sites is affected only at high pollutant con-
centrations. P. corethrurus also presents a reproductive plasticity; an
adjustment of cocoon production (number and weight) and incubation
period have been observed in different situations (Bhattacharjee and
Chaudhuri, 2002; Garcia and Fragoso, 2003).

Another important sign of plasticity of this species is its flexible diet.
Although P. corethrurus prefers rich soils in terms of organic matter and
leaf litters, it is able to proliferate in extremely poor soils (Shilenkova
and Tiunov, 2015). Marichal et al. (2010) proposed that P. corethrurus
can occupy soils where other earthworm species are not present or have
disappeared due to soil use and management.

In addition to the invasiveness of the species, another component of
the invasion success is the invasibility of the recipient ecosystem
(Mitchell et al., 2006). The hypothesis of ecological opportunity pro-
poses that extinction of native species, and in consequence the creation
of ‘empty’ niches, promote the establishment of exotic species (Elton,
1958). Since human-caused environmental changes may alter native
species survival, they may favour a few introduced species that would
competitively displace many other species from a region (Tilman and
Lehman, 2001). Land use history plays thus a major role in determining
the abundance and community structure of earthworms and the es-
tablishment of exotic earthworms in areas previously inhabited by na-
tive worms. For example, in the tropics, the conversion of forest to
pastures has been associated with significant decreases in soil macro-
invertebrate diversity (Lavelle and Pashanasi, 1989) and an increased
dominance of a few exotic earthworm species that can persist along
gradients of plant succession after disturbance (Ledn et al., 2003; Zou
and Gonzalez, 1997). Although invasion by P. corethrurus has been also
observed in undisturbed habitats (Gonzalez et al., 2006; Hendrix et al.,
1999), it seems that land use conversion is a main reason for P. core-
thrurus dominance in different parts of the world (Marichal et al., 2010;
Zou et al., 2006).
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Once initial colonization and establishment have occurred, invasive
species may spread from long- and short-distance dispersal. The rate of
range expansion will obviously be influenced by propagule pressure
and dispersal capacity but also by the ability of individuals to survive
and reproduce in the new range where the invasive species may en-
counter novel selective regimes (Sakai et al., 2001). The evolution of
such local adaptation requires genetic variation. Little is known about
the genetic composition of P. corethrurus populations. Studies of po-
pulation genetics might provide valuable information about the process
of invasion, for instance by comparing the genetic composition of re-
cently established populations with populations in the native range.

The last phase of the invasion process is the integration of the
species in the ecosystem and its impact on the environment. The impact
of P. corethrurus on soil physical structure may be either detrimental or
beneficial. Depending on the SOM content, its activity may either
promote soil compaction, especially when populations of other “de-
compacting” species are not present, or contribute to soil bioturbation
(Hallaire et al., 2000). Moreover, P. corethrurus is known to accelerate
biogeochemical fluxes (Gonzalez et al., 2006). In particular, its casting
activity may increase the N and P availability in agroecosystems. P.
corethrurus presence may thus be beneficial for plant growth. Teng et al.
(2016) also demonstrated its positive effect on plant health.

The impact of P. corethrurus on other earthworm species and in
particular on native species is still an open question. Some studies have
stated that an increase in densities of P. corethrurus might directly cause
the disappearance of native species and that once established in areas
inhabited by native species, its effects on soil properties prevent the re-
colonization by native species populations (Fragoso et al., 1995; Lapied
and Lavelle, 2003). However, P. corethrurus has been observed in co-
existence with native species in some disturbed sites (Table 2). These
observations suggest the absence of competitive exclusion as proposed
by Marichal et al. (2010).

The literature about biotic interactions with P. corethrurus is almost
exclusively about earthworm/earthworm and plant/earthworm inter-
actions except for a few studies on nematodes. Information about the
interaction between P. corethrurus and other soil macrofauna species is
lacking. For instance, P. corethrurus has been observed in termite gal-
leries (Gates, 1972) but, to our knowledge, no studies on their inter-
actions have been carried out. Moreover, almost no data exist on
parasites, pathogens and predators of this species, though such in-
formation could improve our understanding of P. corethrurus invasive-
ness.

4.2. Evidence of cryptic diversity?

Moreno (2004) mentioned the possibility that studies interested in
P. corethrurus could have mistakenly studied other species in the same
genus. Although several complexes of cryptic species have been re-
cently described in earthworms, highlighting the difficulties of mor-
phological diagnosis in this taxon (King et al., 2008; Novo et al., 2010;
Pérez-Losada et al., 2009; Shekhovtsov et al., 2016), there is not much
data available in the literature on the genetic diversity within the P.
corethrurus morphospecies (Cunha et al., 2014; Dupont et al., 2012). In
three populations of P. corethrurus in the Azores archipelago, Cunha
et al. (2014) revealed the existence of two genetically divergent
lineages which were morphologically indistinguishable. They showed
that one of the lineages was able to cope with the extreme conditions
found in the caldera of a volcano where it tolerates a mixture of non-
anthropogenic chemical and physical stressors. This lineage could
correspond to a new species and, in this case, the adaptation to the
caldera environmental conditions cannot be interpreted as the sign of
plasticity of P. corethrurus but instead as the result of a speciation
process. This example illustrates that cryptic species may be different in
their biological and ecological features and preferences (Birky et al.,
2010). Thus, it is conceivable that the variable impacts of P. corethrurus
on the environment, such as its compacting and de-compacting effects,
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are evidence of two different species. In this particular case, it seems
however that opposite effects are most likely due to soil characteristics.
Diaz Cosin et al. (2011) highlighted that comparing published data
dealing with species belonging to a complex of cryptic species is dan-
gerous, as the authors could have incorrectly identified the species.
They recommended that authors deposit the individuals used in the
experiments into a collection in order to eliminate this uncertainty.

By comparing P. corethrurus description in different published pa-
pers (Table 1), some morphological variability was observed. Further
studies are now needed in order to determine if this variability could be
explained by the existence of several cryptic species (e.g., James et al.,
2010). To test this hypothesis, the concordance between morphological
and phylogenetic identification of P. corethrurus should be tested in
samples coming from its whole distribution range. Moreover, in-
vestigations of the reproduction mode and ploidy level of the different
lineages would help to test two alternative hypotheses concerning the
observation of sexual characters in some P. corethrurus specimens: (i)
some populations may be mixture of sexual and asexual lineages and
(ii) a unique lineage may have a mixed reproductive strategy allowing
shifts from sexual to parthenogenetic reproduction according to the
environmental conditions.

5. Conclusion

P. corethrurus is the most common and most studied tropical
earthworm morphospecies; this review integrated both the most recent
and earliest information on its biology and what makes it a successful
invader. Its impacts on the environment and other soil organisms were
found to be strongly influenced by soil characteristics as well as land
use and management. Most of the studies that have been reviewed here
have sampled the specimens in the introduced range of the species.
Although in some parts of the world this morphospecies has probably
reached the integration stage of the invasion process and has estab-
lished strong biological interaction within ecosystems, in its more re-
cently introduced ranges, P. corethrurus populations may not have
reached this stage yet. Thus, throughout its distribution area and given
the stage of the invasion process that has been reached, population
dynamics may be different and studies of ecological processes may not
be comparable.

Acknowledgements

The authors are grateful to the service of “prét inter-bibliothéque” of
the University Paris-Est Créteil and to George Brown and Raphael
Marichal who helped to provide numerous full-texts of articles. The
authors are also grateful to Patrick Lavelle for its stimulating comments
and extensive reading of the manuscript and to Naoise Nunan for
English language editing.

References

Alegre, J.C., Pashanasi, B., Lavelle, P., 1996. Dynamics of soil physical properties in
Amazonian agroecosystems inoculated with earthworms. Soil Science Society of
America Journal 60, 1522-1529.

Araujo, Y., Luizao, F.J., Barros, E., 2004. Effect of earthworm addition on soil nitrogen
availability, microbial biomass and litter decomposition in mesocosms. Biology and
Fertility of Soils 39, 146-152. http://dx.doi.org/10.1007/s00374-003-0696-0.

Arunachalam, S., 1987. Some aspects of the biology of a tropical earthworm Pontoscolex
corethrurus (F. Muller). Bombay Natural History 75, 110-114.

Ayala, L.P., Barois, 1., 2016. Development of the earthworm Pontoscolex corethrurus in
soils amended with a peat-based plant growing medium. Applied Soil Ecology 104,
131-137. http://dx.doi.org/10.1016/j.aps0il.2015.10.005.

Ayres, L., Guerra, R.T., 1981. Agua como fator limitante para minhocas. Acta Amazonica
11, 78-86.

Barois, 1., 1992. Mucus production and microbial activity in the gut of two species of
Amynthas (megascolecidae) from cold and warm tropical climates. Soil Biology and
Biochemistry 24, 1507-1510. http://dx.doi.org/10.1016,/0038-0717(92)90141-J.

Barois, I., Lavelle, P., 1986. Changes in respiration rate and some physiochemical prop-
erties of a tropical soil during transit through Pontoscolex corethrurus
(Glossoscolecidae, Oligochaeta). Soil Biology and Biochemistry 18, 539-541.

286

Soil Biology and Biochemistry 116 (2018) 277-289

Barois, L., Lavelle, P., Rossf, J.P., Bikram, K., Angeles, A., Fragoso, C., Jimenez, J.J.,
Decaéns, T., Kanyony, J., Blancharf, E., 1999. Ecology of Earthworm Species with
Large Environmental Tolerance and/or Extended Distributions. Earthworm
Management in Tropical Agroecosystems CABI. pp. 57-85 ISBN 0-85199-270-6.

Barros, E., Curmi, P., Hallaire, V., Chauvel, A., Lavelle, P., 2001. The role of macrofauna
in the transformation and reversibility of soil structure of an oxisol in the process of
forest to pasture conversion. Geoderma 100, 193-213. http://dx.doi.org/10.1016/
S0016-7061(00)00086-0.

Beddard, F., 1893. Two New Genera and Some New Species of Earthworms. pp. 243-280.
http://dx.doi.org/10.4039/Ent49193-6.

Bernard, L., Chapuis-Lardy, L., Razafimbelo, T., Razafindrakoto, M., Pablo, A.-L.,
Legname, E., Poulain, J., Briils, T., O'Donohue, M., Brauman, A., Chotte, J.-L.,
Blanchart, E., 2012. Endogeic earthworms shape bacterial functional communities
and affect organic matter mineralization in a tropical soil. International Society for
Microbial Ecology 6, 213-222. http://dx.doi.org/10.1038/ismej.2011.87.

Bhattacharjee, G., Chaudhuri, P.S., 2002. Cocoon production, morphology, hatching
pattern and fecundity in seven tropical earthworm species - a laboratory-based in-
vestigation. Journal of Biosciences 27, 283-294. http://dx.doi.org/10.1007/
BF02704917.

Birky, C.W., Adams, J., Gemmel, M., Perry, J., 2010. Using population genetic theory and
DNA sequences for species detection and identification in asexual organisms. PLoS
ONE 5 (5), €10609. https://doi.org/10.1371/journal.pone.0010609.

Blakemore, R.J., 2012. In: Cosmopolitan Earthworms, fifth ed. Yokohama.

Blakemore, R.J., 2006. In: Cosmopolitan Earthworms — an Eco-taxonomic Guide to the
Peregrine Species of the World, second ed. VermEcology, Japan 600 + 150 figs.
Blanchart, E., Lavelle, P., Braudeau, E., Le bissonnais, Y., Valentins, C., 1997. Regulation
of soil structure by geophagous earthworm activities in humid savannas of Cote

d’Ivoire. Soil Biol. Biochem 29, 431-439.

Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R., Dai, J.,
Dendooven, L., Peres, G., Tondoh, J.E., Cluzeau, D., Brun, J.J., 2013. A review of
earthworm impact on soil function and ecosystem services. European Journal of Soil
Science 64, 161-182. http://dx.doi.org/10.1111/ejss.12025.

Blouin, M., Zuily-Fodil, Y., Pham-Thi, A.T., Laffray, D., Reversat, G., Pando, A., Tondoh,
J., Lavelle, P., 2005. Belowground organism activities affect plant aboveground
phenotype, inducing plant tolerance to parasites. Ecology Letters 8, 202-208. http://
dx.doi.org/10.1111/j.1461-0248.2004.00711.x.

Borges, S., Alfaro, M., Maldonado, S., Santiago, A., 2006. A first survey of the earthworms
of Bosque del Pueblo, Puerto Rico. Caribbean Journal of Science 42, 366-370.
Boyer, J., Reversat, G., Lavelle, P., Chabanne, A., 2013. Interactions between earthworms
and plant-parasitic nematodes. European Journal of Soil Biology 59, 43-47. http://

dx.doi.org/10.1016/j.ejsobi.2013.10.004.

Brown, G.G., James, S.W., Pasini, A., Nunes, D.H., Benito, N.P., Martins, P.T., Sautter,
K.D., 2006. Exotic, peregrine, and invasive earthworms in Brazil: diversity, dis-
tribution, and effects on soils and plants. Caribbean Journal of Science 42, 339-358.

Brown, G., Pashanasi, B., Villenave, C., Patron, J.C., Senapati, B.K., Giri, S., Barois, L.,
Lavelle, P., Blanchart, E., Blakemore, R.J., Spain, A.V., Boyer, J., 1999. Effects of
earthworms on plant production in the tropics. In: Lavelle, P., Brussaard, L., Hendrix,
P. (Eds.), Earthworm Management in Tropical Agroecosystems. CABI publishing,
Wallingford, pp. 87-137.

Buch, A.C., Brown, G.G., Correia, M.E.F., Silva-filho, F.L.E.V., 2017. Ecotoxicology of
mercury in tropical forest soils: impact on earthworms. Science of the Total
Environment 589, 222-231. http://dx.doi.org/10.1016/j.scitotenv.2017.02.150.

Buch, A.C., Brown, G.G., Niva, C.C., Sautter, K.D., Sousa, J.P., 2013. Toxicity of three
pesticides commonly used in Brazil to Pontoscolex corethrurus (Miiller, 1857) and
Eisenia andrei (Bouché, 1972). Applied Soil Ecology 69, 32-38. http://dx.doi.org/10.
1016/j.apso0il.2012.12.011.

Bufford, J., Daehler, C., 2011. Life history strategies. In: Encyclopedia of Biological
Invasions. University of California Press, Berkeley Los Angeles London, pp. 437-442.

Chapuis-Lardy, L., Brauman, a., Bernard, L., Pablo, a. L., Toucet, J., Mano, M.J., Weber,
L., Brunet, D., Razafimbelo, T., Chotte, J.L., Blanchart, E., 2010. Effect of the en-
dogeic earthworm Pontoscolex corethrurus on the microbial structure and activity
related to CO, and N,O fluxes from a tropical soil (Madagascar). Applied Soil Ecology
45, 201-208. http://dx.doi.org/10.1016/j.aps0il.2010.04.006.

Chapuis-Lardy, L., Brossard, M., Lavelle, P., Schouller, E., 1998. Phosphorus transfor-
mations in a ferralsol through ingestion by Pontoscolex corethrurus, a geophagous
earthworm. European Journal of Soil Biology 34, 61-67. http://dx.doi.org/10.1016/
$1164-5563(99)90002-X.

Chapuis-Lardy, L., Ramiandrisoa, R.S., Randriamanantsoa, L., Morel, C., Rabeharisoa, L.,
Blanchart, E., 2009. Modification of P availability by endogeic earthworms
(Glossoscolecidae) in ferralsols of the Malagasy highlands. Biology and Fertility of
Soils 45, 415-422. http://dx.doi.org/10.1007/s00374-008-0350-y.

Chapuis-Lardy, L., Brossard, M., 1995. Phosphorus transformations and stability in a
Ferralsol ingested by a geophagous earthworm. Comptes Rendus De L'Academie Des
Sciences Serie Ii 320, 587-592.

Chaudhuri, P.S., Nath1, S., Paliwal, R., 2008. Earthworm population of rubber plantations
( Hevea brasiliensis ) in Tripura, India. Tropical Ecology 49, 225-234.

Chaudhuri, P.S., Bhattacharjee, S., 2011. Reproductive biology of eight tropical earth-
worm species of rubber plantations in Tripura, India. Tropical Ecology 52, 49-60.

Chaudhuri, P.S., Nath, S., 2011. Community structure of earthworms under rubber
plantations and mixed forests in Tripura, India. Journal of Environmental Biology 32,
537-541.

Chaudhuri, P.S., Pal, T.K., Nath, S., Dey, S.K., 2012. Effects of five earthworm species on
some physico-chemical properties of soil. Journal of Environmental Biology/
Academy of Environmental Biology, India 33, 713-716.

Chauvel, A., Grimald, M., Barros, E., Blanchart, E., Desjardins, T., Sarrazin, M., Lavelle,
P., 1999. Pasture damage by an Amazonian earthworm. Nature 398, 32-33.


http://refhub.elsevier.com/S0038-0717(17)30632-6/sref1
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref1
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref1
http://dx.doi.org/10.1007/s00374-003-0696-0
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref3
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref3
http://dx.doi.org/10.1016/j.apsoil.2015.10.005
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref5
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref5
http://dx.doi.org/10.1016/0038-0717(92)90141-J
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref7
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref7
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref7
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref8
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref8
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref8
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref8
http://dx.doi.org/10.1016/S0016-7061(00)00086-0
http://dx.doi.org/10.1016/S0016-7061(00)00086-0
http://dx.doi.org/10.4039/Ent49193-6
http://dx.doi.org/10.1038/ismej.2011.87
http://dx.doi.org/10.1007/BF02704917
http://dx.doi.org/10.1007/BF02704917
https://doi.org/10.1371/journal.pone.0010609
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref14
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref15
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref15
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref16
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref16
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref16
http://dx.doi.org/10.1111/ejss.12025
http://dx.doi.org/10.1111/j.1461-0248.2004.00711.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00711.x
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref19
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref19
http://dx.doi.org/10.1016/j.ejsobi.2013.10.004
http://dx.doi.org/10.1016/j.ejsobi.2013.10.004
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref21
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref21
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref21
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref22
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref22
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref22
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref22
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref22
http://dx.doi.org/10.1016/j.scitotenv.2017.02.150
http://dx.doi.org/10.1016/j.apsoil.2012.12.011
http://dx.doi.org/10.1016/j.apsoil.2012.12.011
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref25
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref25
http://dx.doi.org/10.1016/j.apsoil.2010.04.006
http://dx.doi.org/10.1016/S1164-5563(99)90002-X
http://dx.doi.org/10.1016/S1164-5563(99)90002-X
http://dx.doi.org/10.1007/s00374-008-0350-y
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref29
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref29
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref29
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref30
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref30
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref31
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref31
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref32
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref32
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref32
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref33
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref33
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref33
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref34
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref34

S. Taheri et al.

Chuang, S.C., Lee, H., Chen, J.H., 2004. Diurnal rhythm and effect of temperature on
oxygen consumption in earthworms, Amynthas gracilis and Pontoscolex corethrurus.
Journal of Experimental Zoology. a, Comparative Experimental Biology 301,
737-744. http://dx.doi.org/10.1002/jez.a.96.

Coq, S., Bartheés, B.G., Oliver, R., Rabary, B., Blanchart, E., 2007. Earthworm activity
affects soil aggregation and organic matter dynamics according to the quality and
localization of crop residues—an experimental study (Madagascar). Soil Biology and
Biochemistry 39, 2119-2128. http://dx.doi.org/10.1016/].50ilbi0.2007.03.019.

Csuzdi, C., 2012. Earthworm species, a searchable database. Opuscula Zoologica
Budapest 43, 97-99.

Cunha, L., Montiel, R., Novo, M., Orozco-terWengel, P., Rodrigues, a, Morgan, a J., Kille,
P., 2014. Living on a volcano's edge: genetic isolation of an extremophile terrestrial
metazoan. Heredity 112, 132-142. http://dx.doi.org/10.1038/hdy.2013.84.

Da Silva, E., Nahmani, J., Lapied, E., Alphonse, V., Garnier-Zarli, E., Bousserrhine, N.,
2016. Toxicity of mercury to the earthworm Pontoscolex corethrurus in a tropical soil
of French Guiana. Applied Soil Ecology 104, 79-84. http://dx.doi.org/10.1016/j.
apsoil.2015.11.018.

Desjardins, T., Charpentier, F., Pashanasi, B., Pando-Bahuon, A., Lavelle, P., Mariotti, A.,
2003. Effects of earthworm inoculation on soil organic matter dynamics of a culti-
vated ultisol. Pedobiologia 47, 835-841. http://dx.doi.org/10.1078/0031-4056-
00268.

Dey, A., Chaudhuri, P.S., 2014. Earthworm community structure of pineapple (Ananas
comosus) plantations under monoculture and mixed culture in West Tripura, India.
Tropical Ecology 55, 1-17.

Diaz Cosin, D.J., Novo, M., Fernandez, R., 2011. Reproduction of earthworms: sexual
selection and parthenogenesis, in: biology of earthworms. Soil Biology 69-86. http://
dx.doi.org/10.1007/978-3-642-14636-7.

Drake, H.L., Horn, M. a, 2007. As the worm turns: the earthworm gut as a transient
habitat for soil microbial biomes. Annual Review of Microbiology 61, 169-189.
http://dx.doi.org/10.1146/annurev.micro.61.080706.093139.

Duarte, A.P., Melo, V.F., Brown, G.G., Pauletti, V., 2014. Earthworm (Pontoscolex core-
thrurus) survival and impacts on properties of soils from a lead mining site in
Southern Brazil. Biology and Fertility of Soils 50, 851-860. http://dx.doi.org/10.
1007/500374-014-0906-y.

Duarte, A.P., Melo, V.F., Brown, G.G., Pauletti, V., 2012. Changes in the forms of lead and
manganese in soils by passage through the gut of the tropical endogeic earthworm
(Pontoscolex corethrurus). European Journal of Soil Biology 53, 32-39. http://dx.doi.
org/10.1016/j.ejsobi.2012.08.004.

Dupont, L., Viard, F., David, P., Bishop, J., 2007. Combined effects of bottlenecks and
selfing in populations of Corella eumyota, a recently introduced sea squirt in the
English Channel. Diversity and Distributions 13, 808-817.

Dupont, L., Decaéns, T., Lapied, E., Chassany, V., Marichal, R., Dubs, F., Maillot, M., Roy,
V., 2012. Genetic signature of accidental transfer of the peregrine earthworm
Pontoscolex corethrurus (Clitellata, Glossoscolecidae) in French Guiana. European
Journal of Soil Biology 53, 70-75. http://dx.doi.org/10.1016/j.ejsobi.2012.09.001.

Dybdahl, M.F., Drown, D.M., 2011. The absence of genotypic diversity in a successful
parthenogenetic invader. Biological Invasions 13, 1663-1672. http://dx.doi.org/10.
1007/510530-010-9923-4.

Eisen, G.A., 1896. Pontoscolex Lilljeborgi with Notes on Auditory Sense Cells of Pontoscolex
Corethrurus. pp. 1-16.

Eisenhauer, N., Schlaghamersky, J., Reich, P.B., Frelich, L.E., 2011. The wave towards a
new steady state: effects of earthworm invasion on soil microbial functions.
Biological Invasions 13, 2191-2196. http://dx.doi.org/10.1007/s10530-011-0053-4.

Elton, C.S., 1958. The Ecology of Invasions by Animals and Plants. Methuen, London.

Fonte, S.J., Barrios, E., Six, J., 2010. Earthworm impacts on soil organic matter and
fertilizer dynamics in tropical hillside agroecosystems of Honduras. Pedobiologia 53,
327-335. http://dx.doi.org/10.1016/j.pedobi.2010.03.002.

Fonte, S.J., Quintero, D.C., Velasquez, E., Lavelle, P., 2012. Interactive effects of plants
and earthworms on the physical stabilization of soil organic matter in aggregates.
Plant and Soil 359, 205-214. http://dx.doi.org/10.1007/s11104-012-1199-2.

Fonte, S.J., Six, J., 2010. Earthworms and litter management contributions to ecosystem
services in a tropical agroforestry system. Ecological Applications 20, 1061-1073.
http://dx.doi.org/10.1890/09-0795.1.

Forster, B., Garcia, M., Francimari, O., Rombke, J., 2006. Effects of carbendazim and
lambda-cyhalothrin on soil invertebrates and leaf litter decomposition in semi-field
and field tests under tropical conditions (Amazonia, Brazil). European Journal of Soil
Biology 42, $171-S179. http://dx.doi.org/10.1016/j.ejsobi.2006.07.011.

Fragoso, C., Brown, G.G., Patrén, J.C., Blanchart, E., Lavelle, P., Pashanasi, B., Senapati,
B., Kumar, T., 1997. Agricultural intensification, soil biodiversity and agroecosystem
function in the tropics: the role of decomposer biota. Applied Soil Ecology 6, 17-35.

Fragoso, C., James, S., Borges, S., 1995. In: Hendrix, P. (Ed.), Native Earthworms of the
North Neotropical Region: Current Status and Controversies. Earthworm Ecology and
Biogeography in North America. Lewis Publishers, Boca Raton, pp. 67-115.

Fragoso, C., Kanyonyo, J., Moreno, A., Senapati, B.K., Blanchart, E., 1999. A survey of
tropical earthworms: taxonomy, biogeography and environmental plasticity.
Earthworm Management in Tropical Agroecosystems CAB Intern 1-26.

Fragoso, C., Lozano, N., 1992. Resource allocation strategies imposed by caudal ampu-
tation and soil moisture in the tropical earthworm Pontoscolex corethrurus. Soil
Biology and Biochemistry 24, 1237-1240.

Ganihar, S.R., 2003. Nutrient mineralization and leaf litter preference by the earthworm
Pontoscolex corethrurus on iron ore mine wastes. Restoration Ecology 11, 475-482.
http://dx.doi.org/10.1046/j.1526-100X.2003.rec0253.x.

Garcia-Pérez, J.A., Alarcon-Gutiérrez, E., Perroni, Y., Barois, 1., 2014. Earthworm com-
munities and soil properties in shaded coffee plantations with and without applica-
tion of glyphosate. Applied Soil Ecology 83, 230-237. http://dx.doi.org/10.1016/j.
apsoil.2013.09.006.

Soil Biology and Biochemistry 116 (2018) 277-289

Garcia-pérez, J.A., Alarcén, E., Hernandez, Y., Hernandez, C., 2016. Impact of litter
contaminated with glyphosate-based herbicide on the performance of Pontoscolex
corethrurus, soil phosphatase activities and soil pH. Applied Soil Ecology 104, 31-41.
http://dx.doi.org/10.1016/j.aps0il.2016.03.007.

Garcia, J.A., Fragoso, C., 2002. Growth, reproduction and activity of earthworms in de-
graded and amended tropical open mined soils: laboratory assays. Applied Soil
Ecology 20, 43-56. http://dx.doi.org/10.1016/50929-1393(02)00009-4.

Garcia, J., Fragoso, C., 2003. Influence of different food substrates on growth and re-
production of two tropical earthworm species (Pontoscolex corethrurus and Amynthas
corticis) the 7th international symposium on earthworm ecology - Cardiff - Wales -
2002. Pedobiologia 47, 754-763. http://dx.doi.org/10.1016/S0031-4056(04)
70264-4.

Gates, G.E., 1973. Contributions to north American earthwors (Annelida) No. 6 con-
tributions to a revision ofthe earthworm family Glossoscolecidae. I. Pontoscolex cor-
ethrurus (Miiller, 1857). Bulletin of Tall Timbers Research Station No. 14, 1-12.

Gates, G.E., 1972. Burmese earthworms: an introduction to the systematics and biology of
megadrile oligochaetes with special reference to Southeast Asia. Transactions of the
American Philosophical Society 62 (7), 1-326.

Gonzalez, G., Huang, C.Y., Zou, X., Rodriguez, C., 2006. Earthworm invasions in the
tropics. Biological Invasions Belowground: Earthworms As Invasive Species 8,
1247-1256. http://dx.doi.org/10.1007/978-1-4020-5429-7 6.

Gonzalez, G., Garcia, E., Cruz, V., Borges, S., Zalamea, M., Rivera, M.M., 2007.
Earthworm communities along an elevation gradient in Northeastern Puerto Rico.
European Journal of Soil Biology 43, S24-S32. http://dx.doi.org/10.1016/j.ejsobi.
2007.08.044.

Gonzélez, G., Zou, X., Borges, S., 1996. Earthworm abundance and species composition in
abandoned tropical crop lands comparisons of tree plantations and secondary forests.
Pedobiologia 40, 385-391.

Gonzalez, G., Zou, X., Sabat, A., Fetcher, N., 1999. Earthworm abundance and distribu-
tion pattern in contrasting plant communities within a tropical wet forest in Puerto
Rico. Caribbean Journal of Science 35, 93-100.

Gonzélez, G., Zou, X.M., 1999. Earthworm influence on N availability and the growth of
Cecropia schreberiana in tropical pasture and forest soils. Pedobiologia 43, 824-829.

Guerra, R.T., 1994. Earthworm activity in forest and savanna soils. Acta Amazonica 24,
303-308.

Hallaire, V., Curmi, P., Duboisset, A., Lavelle, P., Pashanasi, B., 2000. Soil structure
changes induced by the tropical earthworm Pontoscolex corethrurus and organic in-
puts in a Peruvian ultisol. European Journal of Soil Biology 36, 35-44. http://dx.doi.
org/10.1016/51164-5563(00)01048-7.

Hamoui, H., 1991. Life-cycle and growth of Pontoscolex corethrurus (Miiller, 1857)
(Oligochaeta, Glossoscolecidae) in the laboratory. Revue d'Ecologie et de Biologie Du
Sol 28, 469-478.

Hendrix, P., Lachnicht, S., Callaham, M., Zou, X., 1999. Stable isotopic studies of earth-
worm feeding ecology in tropical ecosystems of Puerto Rico. Rapid Communications
in Mass Spectrometry :RCM 13, 1295-1299. http://dx.doi.org/10.1002/(SICI)1097.

Hendrix, P.F., Callaham, M.A,, Drake, J.M., Huang, C.-Y., James, S.W., Snyder, B.A.,
Zhang, W., 2008. Pandora's box contained bait: the Global problem of introduced
earthworms. Annual Review of Ecology, Evolution, and Systematics 39, 593-613.
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173426.

Henrot, J., Brussaard, L., 1997. Abundance, casting activity, and cast quality of earth-
worms in an acid Ultisol under alley-cropping in the humid tropics. Applied Soil
Ecology 6, 169-179. http://dx.doi.org/10.1016/50929-1393(97)00007-3.

Hernandez-Castellanos, B., Zavala-Cruz, J., Martinez-Hernandez, S., Dendooven, L.,
Contreras-Ramos, S.M., Noa-Carrazana, J.C., Fragoso, C., Ortiz-Ceballos, A.L., 2013.
Earthworm populations in an aged hydrocarbon contaminated soil. Environmental
Sciences 7, 27-37.

Hua, Z., XiaoDong, Y., Jie, D., YiXue, W., 2008. Influence of soil temperature and
moisture on the cocoon production and hatching of the exotic earthworm Pontoscolex
corethrurus. Zoological Research 29, 305-312.

Huang, J., Zhang, W., Liu, M., Briones, M.J.1., Eisenhauer, N., Shao, Y., Cai, X., Fu, S., Xia,
H., 2015. Different impacts of native and exotic earthworms on rhizodeposit carbon
sequestration in a subtropical soil. Soil Biology and Biochemistry 90, 152-160.
http://dx.doi.org/10.1016/j.s0ilbio.2015.08.011.

Hubers, H., Borges, S., Alfaro, M., 2003. The oligochaetofauna of the nipe soils in the
maricao state forest, Puerto Rico. Pedobiologia 47, 475-478. http://dx.doi.org/10.
1016/50031-4056(04)70225-5.

Huerta, E., Rodriguez-olan, J., Evia-castillo, I., Montejo-meneses, E., Cruz-mondragon, M.
De, Garcia-hernandez, R., Uribe, S., 2007. Earthworms and soil properties in Tabasco,
Mexico. European Journal of Soil Biology 43, 190-195. http://dx.doi.org/10.1016/j.
€jsobi.2007.08.024.

James, S.W., Porco, D., Decaéns, T., Richard, B., Rougerie, R., Erséus, C., 2010. DNA
barcoding reveals cryptic diversity in Lumbricus terrestris L., 1758 (Clitellata): resur-
rection of L. herculeus (Savigny, 1826). PLoS ONE 5 (12). http://dx.doi.org/10.
1371/journal.pone.0015629.

Jiménez, J.J., Cepeda, A., Decaéns, T., Oberson, A., Friesen, D.K., 2003. Phosphorus
fractions and dynamics in surface earthworm casts under native and improved
grasslands in a Colombian savanna Oxisol. Soil Biology and Biochemistry 35,
715-727. http://dx.doi.org/10.1016,/S0038-0717(03)00090-7.

Jusselme, M.D., Poly, F., Lebeau, T., Rouland-lefévre, C., Miambi, E., 2015. Effects of
earthworms on the fungal community and microbial activity in root-adhering soil of
Lantana camara during phytoextraction of lead. Applied Soil Ecology 96, 151-158.
http://dx.doi.org/10.1016/j.apsoil.2015.07.011.

Jusselme, M.D., Poly, F., Miambi, E., Mora, P., Blouin, M., Pando, A., Rouland-Lefévre, C.,
2012. Effect of earthworms on plant Lantana camara Pb-uptake and on bacterial
communities in root-adhering soil. The Science of the Total Environment 416,
200-207. http://dx.doi.org/10.1016/j.scitotenv.2011.10.070.


http://dx.doi.org/10.1002/jez.a.96
http://dx.doi.org/10.1016/j.soilbio.2007.03.019
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref37
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref37
http://dx.doi.org/10.1038/hdy.2013.84
http://dx.doi.org/10.1016/j.apsoil.2015.11.018
http://dx.doi.org/10.1016/j.apsoil.2015.11.018
http://dx.doi.org/10.1078/0031-4056-00268
http://dx.doi.org/10.1078/0031-4056-00268
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref41
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref41
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref41
http://dx.doi.org/10.1007/978-3-642-14636-7
http://dx.doi.org/10.1007/978-3-642-14636-7
http://dx.doi.org/10.1146/annurev.micro.61.080706.093139
http://dx.doi.org/10.1007/s00374-014-0906-y
http://dx.doi.org/10.1007/s00374-014-0906-y
http://dx.doi.org/10.1016/j.ejsobi.2012.08.004
http://dx.doi.org/10.1016/j.ejsobi.2012.08.004
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref46
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref46
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref46
http://dx.doi.org/10.1016/j.ejsobi.2012.09.001
http://dx.doi.org/10.1007/s10530-010-9923-4
http://dx.doi.org/10.1007/s10530-010-9923-4
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref50
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref50
http://dx.doi.org/10.1007/s10530-011-0053-4
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref52
http://dx.doi.org/10.1016/j.pedobi.2010.03.002
http://dx.doi.org/10.1007/s11104-012-1199-2
http://dx.doi.org/10.1890/09-0795.1
http://dx.doi.org/10.1016/j.ejsobi.2006.07.011
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref57
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref57
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref57
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref58
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref58
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref58
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref59
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref59
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref59
http://refhub.elsevier.com/S0038-0717(17)30632-6/sr0005
http://refhub.elsevier.com/S0038-0717(17)30632-6/sr0005
http://refhub.elsevier.com/S0038-0717(17)30632-6/sr0005
http://dx.doi.org/10.1046/j.1526-100X.2003.rec0253.x
http://dx.doi.org/10.1016/j.apsoil.2013.09.006
http://dx.doi.org/10.1016/j.apsoil.2013.09.006
http://dx.doi.org/10.1016/j.apsoil.2016.03.007
http://dx.doi.org/10.1016/S0929-1393(02)00009-4
http://dx.doi.org/10.1016/S0031-4056(04)70264-4
http://dx.doi.org/10.1016/S0031-4056(04)70264-4
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref65
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref65
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref65
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref66
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref66
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref66
http://dx.doi.org/10.1007/978-1-4020-5429-7_6
http://dx.doi.org/10.1016/j.ejsobi.2007.08.044
http://dx.doi.org/10.1016/j.ejsobi.2007.08.044
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref70
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref70
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref70
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref71
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref71
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref71
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref72
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref72
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref73
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref73
http://dx.doi.org/10.1016/S1164-5563(00)01048-7
http://dx.doi.org/10.1016/S1164-5563(00)01048-7
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref75
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref75
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref75
http://dx.doi.org/10.1002/(SICI)1097
http://dx.doi.org/10.1146/annurev.ecolsys.39.110707.173426
http://dx.doi.org/10.1016/S0929-1393(97)00007-3
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref79
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref79
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref79
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref79
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref80
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref80
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref80
http://dx.doi.org/10.1016/j.soilbio.2015.08.011
http://dx.doi.org/10.1016/S0031-4056(04)70225-5
http://dx.doi.org/10.1016/S0031-4056(04)70225-5
http://dx.doi.org/10.1016/j.ejsobi.2007.08.024
http://dx.doi.org/10.1016/j.ejsobi.2007.08.024
http://dx.doi.org/10.1371/journal.pone.0015629
http://dx.doi.org/10.1371/journal.pone.0015629
http://dx.doi.org/10.1016/S0038-0717(03)00090-7
http://dx.doi.org/10.1016/j.apsoil.2015.07.011
http://dx.doi.org/10.1016/j.scitotenv.2011.10.070

S. Taheri et al.

Kale, R.D., Krishnamoorthy, R.V., 1979. Pesticidal effects of Sevin n ( 1-naphthyl-n-me-
thyl carbamate ) on the survivability and abundance of earthworm Pontoscolex cor-
ethrurus. Proceedings: Animal Sciences 88, 391-396.

King, R.A., Tibble, A.L., Symondson, W.O.C., 2008. Opening a can of worms: un-
precedented sympatric cryptic diversity within British lumbricid earthworms.
Molecular Ecology 17, 4684-4698. http://dx.doi.org/10.1111/j.1365-294X.2008.
03931.x.

Lachnicht, S., Hendrix, P., Zou, X., 2002. Interactive effects of native and exotic earth-
worms on resource use and nutrient mineralization in a tropical wet forest soil of
Puerto Rico. Biology and Fertility of Soils 36, 43-52. http://dx.doi.org/10.1007/
s00374-002-0501-5.

Lafont, A., Riséde, J.-M., Loranger-Merciris, G., Clermont-Dauphin, C., Dorel, M., Rhino,
B., Lavelle, P., 2007. Effects of the earthworm Pontoscolex corethrurus on banana
plants infected or not with the plant-parasitic nematode Radopholus similis.
Pedobiologia 51, 311-318. http://dx.doi.org/10.1016/j.pedobi.2007.05.004.

Lapied, E., Lavelle, P., 2003. The peregrine earthworm Pontoscolex corethrurus in the East
coast of Costa Rica. Pedobiologia 47, 471-474.

Lavelle, P., 1981. Stratégies de reproduction chez les Vers de terre. Acta Oecologica.
Oecologia Generalis 117-133.

Lavelle, P., Barois, 1., Cruz, 1., Fragoso, C., Hernandez, A., Pineda, A., Rangel, P., 1987.
Adaptive strategies of Pontoscolex corethrurus (Glossoscolecidae, Oligochaeta), a
peregrine geophagous earthworm of the humid tropics. Biology and Fertility of Soils
5, 188-194. http://dx.doi.org/10.1007/BF00256899.

Lavelle, P., Bignell, D., Lepage, M., Wolters, W., Roger, P., Ineson, P., Heal, O.W.,
Dhillion, S., 1997. Soil function in a changing world: the role of invertebrate eco-
system engineers. European Journal of Soil Biology 33, 159-193.

Lavelle, P., Martin, A., 1992. Small scale and large scale effects of endogenic earthworms
on soil organic matter dynamics in soils of the humid tropics. Soil
Biology & Biochemistry 24, 1491-1498.

Lavelle, P., Melendez, G., Pashanasi, B., Schaefer, R., 1992. Nitrogen mineralization and
reorganization in casts of the geophagous tropical earthworm Pontoscolex corethrurus
(Glossoscolecidae). Biology and Fertility of Soils 14, 49-53. http://dx.doi.org/10.
1007/bf00336302.

Lavelle, P., Pashanasi, B., 1989. Soil macrofauna and land management in peruvian
Amazonia (Yurimaguas, loreto). Pedobiologia 33, 283-291.

Lavelle, P., Pashanasi, B., Charpentier, F.C.G., Rossi, J.P., Derouard, L., André, J., Ponge,
J.F., Bernier, N., 1998. Large-scale effect of earthworms on soil organic matter and
nutrient dynamics. Earthworm Ecology 103-122.

Lavelle, P., Rangel, P., Kanyonyo, J., 1983. Intestinal mucus production by two species of
tropical earthworms: millsonia lamtoiana (Megaloscolecidae) and Ponthoscolex core-
thrurus (Glossoscolecidae). New Trends in Soil Biology 405-410.

Lavelle, P., Spain, A., 2001. Soil Ecology Kluwer Academic Publishers, London., in: Soil
Ecology Kluwer Academic Publishers, London.

Leén, Y., Zou, X., Borges, S., Ruan, H., 2003. Recovery of native earthworms in aban-
doned tropical pastures. Conservation Biology 17, 999-1006. http://dx.doi.org/10.
1046/§.1523-1739.2003.02098.x.

Leén, Y.S., Zou, X., 2004. Plant influences on native and exotic earthworms during sec-
ondary succession in old tropical pastures. Pedobiologia 48, 215-226. http://dx.doi.
org/10.1016/j.pedobi.2003.12.006.

Li, Y., Shimabukuro-Madden, A., Mathews, B.W., 2010. The effects of tree plantation
rotation on earthworm abundance and biomass in Hawaii. Applied Soil Ecology 46,
151-154. http://dx.doi.org/10.1016/j.apsoil.2010.07.003.

Liang, S.H., Chen, S.C., Chen, C.Y., Kao, C.M., Yang, J.I, Shieh, B.S., Chen, J.H., Chen,
C.C., 2011. Cadmium-induced earthworm metallothionein-2 is associated with metal
accumulation and counteracts oxidative stress. Pedobiologia 54, 333-340. http://dx.
doi.org/10.1016/j.pedobi.2011.07.011.

Liu, A.Z.G., Zou, X.M., 2002. Exotic earthworms accelerate plant litter decomposition in a
Puerto rican pasture and a wet forest. Ecological Society of America 12, 1406-1417.

Lopez-Hernandez, D., Lavelle, P., Fardeau, J.C., Niao, M., 1993. Phosphorus transfor-
mations in two P-sorption contrasting tropical soils during transit through Pontoscolex
corethrurus (Glossoscolecidae: Oligochaeta). Soil Biology and Biochemistry 25,
789-792. http://dx.doi.org/10.1016/0038-0717(93)90124-T.

Loranger-Merciris, G., Cabidoche, Y.-M., Deloné, B., Quénéhervé, P., Ozier-Lafontaine, H.,
2012. How earthworm activities affect banana plant response to nematodes para-
sitism. Applied Soil Ecology 52, 1-8. http://dx.doi.org/10.1016/j.aps0il.2011.10.
003.

Marichal, R., Martinez, A.F., Praxedes, C., Ruiz, D., Carvajal, A.F., Oszwald, J., del Pilar
Hurtado, M., Brown, G.G., Grimaldi, M., Desjardins, T., Sarrazin, M., Decaéns, T.,
Velasquez, E., Lavelle, P., 2010. Invasion of Pontoscolex corethrurus (Glossoscolecidae,
Oligochaeta) in landscapes of the Amazonian deforestation arc. Applied Soil Ecology
46, 443-449. http://dx.doi.org/10.1016/j.apsoil.2010.09.001.

Marichal, R., Mathieu, J., Couteaux, M.M., Mora, P., Roy, J., Lavelle, P., 2011. Earthworm
and microbe response to litter and soils of tropical forest plantations with contrasting
C: N:P stoichiometric ratios. Soil Biology and Biochemistry 43, 1528-1535. http://dx.
doi.org/10.1016/j.s0ilbio.2011.04.001.

Marichal, R., Grimaldi, M., Mathieu, J., Brown, G.G., Desjardins, T., Da Silva Jr., M.L.,
Praxedes, C., Martins, M.B., Velasquez, E., Lavelle, P., 2012. Is invasion of deforested
Amazonia by the earthworm Pontoscolex corethrurus driven by soil texture and che-
mical properties? Pedobiologia 55, 233-240. http://dx.doi.org/10.1016/j.pedobi.
2012.03.006.

Martinez, M.A., Sanchez, J.A., 2000. Comunidas de lombrices de tierra (Annelida:
Oligochaeta) et un bosque siempre verde y un pastizal de sierra del rosario, Cuba.
Caribbean Journal of Science 36, 94-103.

Mba, C.C., 1994. Rock phosphate solubilizing and cellulolytic actinomycete isolates of
earthworm casts. Environmental Management 18, 257-261. http://dx.doi.org/10.
1007/BF02393766.

288

Soil Biology and Biochemistry 116 (2018) 277-289

Mitchell, C.E., Agrawal, A.A., Bever, J.D., Gilbert, G.S., Hufbauer, R.A., Klironomos, J.N.,
Maron, J.L., Morris, W.F., Parker, I.M., Power, A.G., Seabloom, E.W., Torchin, M.E.,
Vazquez, D.P., 2006. Biotic interactions and plant invasions. Ecol. Lett. 9, 726-740.

Molina-Murguia, J.F.F., Garcia-Calderon, N.E., Martin, G.A., 2009. Cocoa industrial
debris composting in soil and earthworm breeding. Compost Science & Utilization 17,
197-204.

Moreno, A.G., 2004. ;Quién es Pontoscolex (Pontoscolex) corethrurus (Miiller, 1857)
(Annelida, Glossoscolecidae)? In: Moreno y, A.G., Borges, S. (Eds.), Avances en
Taxonomia de Lombrices de Tierra (Annelida, Oligochaeta). Ed. Complutense, pp.
59-70.

Miiller, F., 1857. Description of a new species of earthworm (Lumbricus corethrurus).
Annual Magazine of Natural History 2, 13-15.

Nair, K., Manazhy, J., MAnazhy, A., Reynolds, J.W., 2009. Biology of cocoons of five
species of earthworms (Annelida: Oligochaeta) from Kerala, India. Megadrilogica
13 (1).

Narayanan, P., Sathrumithra, S., Chistopher, G., Thomas, A.P., Hills, P., Julka, J.M.,
Pradesh, H., 2016. Current distribution of the invasive earthworm Pontoscolex core-
thrurus (Miiller, 1857) after a century of its first report from Kerala state, India.
Opuscula Zoologica Budapest 47, 101-107.

Nath, S., Chaudhuri, P.S., 2012. Effect of rubber leaf litter diet on growth and re-
production of five tropical species of earthworms under laboratory conditions.
Journal of Applied Bioscience 38, 174-178.

Novo, M., Almodévar, A., Fernandez, R., Trigo, D., Diaz Cosin, D.J., 2010. Cryptic spe-
ciation of hormogastrid earthworms revealed by mitochondrial and nuclear data.
Molecular Phylogenetics and Evolution 56, 507-512. http://dx.doi.org/10.1016/j.
ympev.2010.04.010.

Nunes, D.H., Pasini, A., Benito, N.P., Brown, George G., 2006. Earthworm diversity in
four land use systems in the region of Jaguapita, parané state, Brazil. Caribbean
Journal of Science 42, 331-338.

Nxele, T.C., 2012. The megadrile fauna (Annelida: Oligochaeta) of queen Elizabeth Park,
South Africa: species composition and distribution within different vegetation types.
African Invertebrates 53 (2), 543-558. http://dx.doi.org/10.5733/afin.053.0207.

OECD, 1984. Earthworm Acute Toxicity Test. Organization for Economic Co-operation
and Development.

Ortiz-ceballos, A.I., Herndndez-garcia, M.C., Galindo-Gonzalez, J., 2009. Nest and feeding
chamber construction for cocoon incubation in the tropical earthworm: Pontoscolex
corethrurus. Dynamic Soil, Dynamic Plant 115-118 Special Issue 3.

Ortiz-gamino, D., Pérez-rodriguez, P., Ortiz-ceballos, A.L., 2016. Invasion of the tropical
earthworm Pontoscolex corethrurus (Rhinodrilidae, Oligochaeta) in temperate grass-
lands. PeerJ Preprints 1-20, e2572. http://dx.doi.org/10.7717/peerj.2572.

Pashanasi, B., Lavelle, P., Alegre, J., Charpentier, F., 1996. Effect of the endogeic
earthworm Pontoscolex corethrurus on soil chemical characteristics and plant growth
in a low-input tropical agroecosystem. Soil Biology and Biochemistry 28, 801-810.
http://dx.doi.org/10.1016,/0038-0717(96)00018-1.

Pashanasi, B., Lavelle, P., Melendez, G., Szott, L., 1992. Effect of inoculation with the
endogeic earthworm Pontoscolex corethrurus on N availability, soil microbial biomass
and the growth of three tropical fruit tree seddlings in a pot experiment. Soil Biology
and Biochemistry 24, 1655-1659.

Pauli, N., Barrios, E., Oberthiir, T., Conacher, A., Ayarza, M., Welchez, L.A., 2005. The
effects of the quesungual agroforestry system of western Honduras on soil macro-
fauna. Sociedade & Natureza, Uberlandia (Special Issue), 466-477.

Paz-Ferreiro, J., Fu, S., Méndez, A., Gascé, G., 2014. Interactive effects of biochar and the
earthworm Pontoscolex corethrurus on plant productivity and soil enzyme activities.
Journal of Soils and Sediments 14, 483-494. http://dx.doi.org/10.1007/s11368-013-
0806-z.

Paz-Ferreiro, J., Liang, C., Fu, S., Mendez, A., Gasco, G., 2015. The effect of biochar and
its interaction with the earthworm Pontoscolex corethrurus on soil microbial com-
munity structure in tropical soils. PLoS ONE 10, 1-11. http://dx.doi.org/10.1371/
journal.pone.0124891.

Pelosi, C., Barot, S., Capowiez, Y., Hedde, M., Vandenbulcke, F., 2014. Pesticides and
earthworms. A review. Agronomy for Sustainable Development 34, 199-228. http://
dx.doi.org/10.1007/513593-013-0151-z.

Pérez-Losada, M., Ricoy, M., Marshall, J.C., Domniguez, J., 2009. Phylogenetic assess-
ment of the earthworm Aporrectodea caliginosa species complex (Oligochaeta:
Lumbricidae) based on mitochondrial and nuclear DNA sequences. Molecular
Phylogenetics and Evolution 52, 293-302. http://dx.doi.org/10.1016/j.ympev.2009.
04.003.

Plisko, J., 2001. Notes on the occurrence of the introduced earthworm Pontoscolex core-
thrurus (Miiller, 1857) in South Africa (Oligochaeta: Glossoscolecidae ). African
Invertebrates 42, 323-334.

Ponge, J.F., Topoliantz, S., Ballof, S., Rossi, J.-P., Lavelle, P., Betsch, J.-M., Gaucher, P.,
2006. Ingestion of charcoal by the Amazonian earthworm Pontoscolex corethrurus: a
potential for tropical soil fertility. Soil Biology and Biochemistry 38, 2008-2009.
https://doi.org/10.1016/j.50ilbio.2005.12.024.

Ressetti, R.R., 2006. Abundance, biomass and species of earthworm in ecosystems of
urban areas. Scientia Agraria 7, 61-66.

Reynolds, J.W., Jones, A.G., 2006. The earthworms (Oligochaeta: acanthodrilidae,
Glossoscolecidae, and Lumbricidae) of the Falkland Islands, South Atlantic ocean.
Megadrilogica 10, 75-86.

Ribeiro, F., Elvira, £.B., Moyle, P.B., 2008. Life-history traits of non-native fishes in
Iberian watersheds across several invasion stages: a first approach. Biological
Invasions 10, 89-102. http://dx.doi.org/10.1007/s10530-007-9112-2.

Righi, G., 1984. Pontoscolex (Oligochaeta, Glossoscolecidae), a new evaluation. Stud.
Neotrop. Fauna Environ 19, 159-177.

Righi, G., 1990. Minhocas de Mato Grosso e de Rondonia.

Righi, G., Bittencourt, E.C.R., 1972. On the blood system of Pontoscolex corethrurus


http://refhub.elsevier.com/S0038-0717(17)30632-6/sref88
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref88
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref88
http://dx.doi.org/10.1111/j.1365-294X.2008.03931.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03931.x
http://dx.doi.org/10.1007/s00374-002-0501-5
http://dx.doi.org/10.1007/s00374-002-0501-5
http://dx.doi.org/10.1016/j.pedobi.2007.05.004
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref92
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref92
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref93
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref93
http://dx.doi.org/10.1007/BF00256899
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref95
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref95
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref95
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref96
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref96
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref96
http://dx.doi.org/10.1007/bf00336302
http://dx.doi.org/10.1007/bf00336302
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref98
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref98
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref99
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref99
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref99
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref100
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref100
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref100
http://dx.doi.org/10.1046/j.1523-1739.2003.02098.x
http://dx.doi.org/10.1046/j.1523-1739.2003.02098.x
http://dx.doi.org/10.1016/j.pedobi.2003.12.006
http://dx.doi.org/10.1016/j.pedobi.2003.12.006
http://dx.doi.org/10.1016/j.apsoil.2010.07.003
http://dx.doi.org/10.1016/j.pedobi.2011.07.011
http://dx.doi.org/10.1016/j.pedobi.2011.07.011
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref106
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref106
http://dx.doi.org/10.1016/0038-0717(93)90124-T
http://dx.doi.org/10.1016/j.apsoil.2011.10.003
http://dx.doi.org/10.1016/j.apsoil.2011.10.003
http://dx.doi.org/10.1016/j.apsoil.2010.09.001
http://dx.doi.org/10.1016/j.soilbio.2011.04.001
http://dx.doi.org/10.1016/j.soilbio.2011.04.001
http://dx.doi.org/10.1016/j.pedobi.2012.03.006
http://dx.doi.org/10.1016/j.pedobi.2012.03.006
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref112
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref112
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref112
http://dx.doi.org/10.1007/BF02393766
http://dx.doi.org/10.1007/BF02393766
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref114
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref114
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref114
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref115
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref115
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref115
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref116
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref116
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref116
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref116
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref117
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref117
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref118
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref118
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref118
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref119
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref119
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref119
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref119
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref120
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref120
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref120
http://dx.doi.org/10.1016/j.ympev.2010.04.010
http://dx.doi.org/10.1016/j.ympev.2010.04.010
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref122
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref122
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref122
http://dx.doi.org/10.5733/afin.053.0207
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref124
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref124
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref125
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref125
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref125
http://dx.doi.org/10.7717/peerj.2572
http://dx.doi.org/10.1016/0038-0717(96)00018-1
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref128
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref128
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref128
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref128
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref129
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref129
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref129
http://dx.doi.org/10.1007/s11368-013-0806-z
http://dx.doi.org/10.1007/s11368-013-0806-z
http://dx.doi.org/10.1371/journal.pone.0124891
http://dx.doi.org/10.1371/journal.pone.0124891
http://dx.doi.org/10.1007/s13593-013-0151-z
http://dx.doi.org/10.1007/s13593-013-0151-z
http://dx.doi.org/10.1016/j.ympev.2009.04.003
http://dx.doi.org/10.1016/j.ympev.2009.04.003
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref134
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref134
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref134
https://doi.org/10.1016/j.soilbio.2005.12.024
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref136
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref136
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref137
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref137
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref137
http://dx.doi.org/10.1007/s10530-007-9112-2
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref139
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref139
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref140
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref141

S. Taheri et al.

(Fr.Muller 1857) (Oligochaeta Glossoscolecidae). Monitore Zoologico Italiano -
Italian Journal of Zoology 6.

Rombke, J., Garcia, M., 2000. Assessment of Ecotoxicological effects of pesticides on the
soil fauna and soil processes under tropical conditions. Proceeding of German-bra-
zilian 1999, 543-549.

Rombke, J., Schmidt, P., Hofer, H., 2009. The earthworm fauna of regenerating forests
and anthropogenic habitats in the coastal region of Parand. Pesquisa Agropecudria
Brasileira 44, 1040-1049. http://dx.doi.org/10.1590/50100-204X2009000800037.

Sabrina, D.T., Hanafi, M.M., Gandahi, A.W., Mahmud, T.M.M., Nor Azwady, A.A., 2013.
Effect of mixed organic-inorganic fertilizer on growth and phosphorus uptake of se-
taria grass (Setaria splendida). Australian Journal of Crop Science 7, 75-83.

Sakai, A.K., Allendorf, F.W., Holt, J.S., Lodge, M., Molofsky, J., With, K.A., Cabin, R.J.,
Cohen, J.E., Norman, C., Mccauley, D.E., Neil, P.O., Parker, M., Thompson, J.N.,
Weller, S.G., 2001. The population biology of invasive species. Annu. Rev. Ecol. Evol.
Syst 32, 305-332.

Senapati, B.K., 1992. Biotic interactions between soil nematodes and earthworms. Soil
Biol. Biochem. Soil Biology and Biochemistry 24 (12), 1441-1444.

Senapati, B.K., Lavelle, P., Giri, S., Pashanasi, B., Alegre, J., Decaéns, T., Jimenez, J.J.,
Albrecht, A., Blanchart, E., Mahieux, M., Rousseaux, L., Thomas, R., Panigrahi, P.,
Venkatachalam, M., 1999. In-soil earthworm technologies for tropical agroecosys-
tems. In: Lavelle, P., Brussaard, L., Hendrix, P. (Eds.), The Management of
Earthworms in Tropical Agroecosytems, pp. 189-227.

Shekhovtsov, S.V., Golovanova, E.V., Peltek, S.E., 2016. Different dispersal histories of
lineages of the earthworm Aporrectodea caliginosa (Lumbricidae, Annelida) in the
Palearctic. Biological Invasions 18, 751-761. http://dx.doi.org/10.1007/s10530-
015-1045-6.

Shen, H., Yeo, D., 2005. Terrestrial earthworms (Oligochaeta) from Singapore. The
Raffles Bulletin of Zoology 53, 13-33.

Shen, H.P., Tsai, C.F., Fang, Y.P., Chen, J.H., 2011. Parthenogenesis, polyploidy and re-
productive seasonality in the Taiwanese mountain earthworm Amynthas catenus Tsai
et al, 2001 (Oligochaeta, Megascolecidae). Pedobiologia 54, 133-139. http://dx.doi.
org/10.1016/j.pedobi.2010.12.002.

Shilenkova, O.L., Tiunov, A.V., 2015. Assimilation of labile carbon and particulate or-
ganic matter by tropical endogeic earthworms Pontoscolex corethrurus
(Glossoscolecidae, Oligochaeta). Biology Bulletin 42, 696-701. http://dx.doi.org/10.
1134/51062359015080099.

Sierra, J., Loranger-Merciris, G., Desfontaines, L., Boval, M., 2014. Aerobic microbial
activity in four tropical earthworm-soil systems. A mesocosm experiment. Soil
Research 52, 584. http://dx.doi.org/10.1071/SR14034.

Simberloff, D., 2009. The role of propagule pressure in biological invasions. The Annual
Review of Ecology 40, 81-102. http://dx.doi.org/10.1146/annurev.ecolsys.110308.
120304.

Sizmur, T., Hodson, M.E., 2009. Do earthworms impact metal mobility and availability in
soil? Environmental Pollution 157, 1981-1989. http://dx.doi.org/10.1016/j.envpol.
2009.02.029.

Sol, D., Maspons, J., Vall-llosera, M., Bartomeus, I., Garcfa-Pena, G.E., Pinol, J.,
Freckleton, R.P., 2012. Unraveling the life history of successful invaders. Science 337.

Somniyam, P., Suwanwaree, P., 2009. The diversity and distribution of terrestrial
earthworms in Sakaerat Environmental Research Station and adjacent areas, Nakhon
Ratchasima, Thailand. World Applied Sciences Journal 6, 221-226.

Spain, A.V., Saffigna, P.G., Woov, A.W., 1990. Tissue carbon sources for Pontoscolex
corethrurus (Oligochaeta: Glossoscolecidae) in a sugarcane ecosystem. Soil Biology
and Biochemistry 22, 703-706.

Sparovek, G., Lambais, M.R., Da Silva, A.P., Tormena, C.A., 1999. Earthworm
(Pontoscolex corethrurus) and organic matter effects on the reclamation of an eroded
oxisol. Pedobiologia 43, 698-704.

Speratti, A.B., Whalen, J.K., 2008. Carbon dioxide and nitrous oxide fluxes from soil as
influenced by anecic and endogeic earthworms. Applied Soil Ecology 38, 27-33.
Suérez, E.R., Fahey, T.J., Yavitt, J.B., Groffman, P.M., Bohlen, P.J., 2006. Patterns of litter
disappearance in a northern hardwood forest invaded by exotic earthworms.

Ecological Applications 16, 154-165. http://dx.doi.org/10.1890/04-0788.

Tapia-Coral, S.C., Luizao, F.J., Barros, E., Pashanasi, B., del Castillo, D., 2006. Effect of

Pontoscolex corethrurus Muller, 1857( Oligochaeta: Glossoscolecidae ) Inoculation on

289

Soil Biology and Biochemistry 116 (2018) 277-289

Litter Weight Loss and Soil Nitrogen in Mesocosms in the Peruvian Amazon.
Caribbean Journal of Science 42, 410-418.

Teng, S.K., Aziz, N.A.A., Mustafa, M., Laboh, R., Ismail, L.S., Devi, S., 2016. Potential role
of endogeic earthworm Pontoscolex corethrurus in remediating banana blood disease:
a preliminary observation. European Journal of Plant Pathology 145, 321-330.
http://dx.doi.org/10.1007/510658-015-0846-x.

Teng, S.K., Azwady, A.A.N., Anang, N., Mustafa, M., Ismail, A., Yan, Y.W., 2013.
Earthworm diversity and population density in the kaki bukit agroecosystem, perlis,
peninsular Malaysia. Tropical Ecology 54, 291-299.

Tilman, D., Lehman, C., 2001. Human-caused environmental change: impacts on plant
diversity and evolution. Proc. Natl. Acad. Sci. U.S.a 98, 5433-5440.

Topoliantz, S., Ponge, J.-F., Arrouays, D., Ballof, S., Lavelle, P., 2002. Effect of organic
manure and the endogeic earthworm Pontoscolex corethrurus (Oligochaeta:
Glossoscolecidae) on soil fertility and bean production. Biology and Fertility of Soils
36, 313-319. http://dx.doi.org/10.1007/s00374-002-0535-8.

Topoliantz, S., Ponge, J.F., Ballof, S., 2005. Manioc peel and charcoal: a potential organic
amendment for sustainable soil fertility in the tropics. Biology and Fertility of Soils
41, 15-21. http://dx.doi.org/10.1007/500374-004-0804-9.

Tripathi, G., Bhardwaj, P., 2005. Biodiversity of earthworm resources of arid environ-
ment. Journal of Environmental Biology 26, 61-71.

Tsai, C., Shen, H., Tsai, S., 2000. Occurrence of the Exotic Earthworm Pontoscolex
Corethrurus (Muller) (Glossoscolecidae: Oligochaeta) in Taiwan, vol. 2. pp. 68-73.

Van Gestel, C., Weeks, J., 2004. Recommendations of the 3rd international workshop on
earthworm ecotoxicology, Aarhus, Denmark, august 2001. Ecotoxicology and
Environmental Safety 57, 100-105.

Vannucci, M., 1953. Biological notes: on the Glossoscolecid earthworm Pontoscolex cor-
ethrurus. Dusenia 4 (5), 287-301.

Vermeij, G.J., 1996. An agenda for invasion biology. Biological Conservation 78, 3-9.

Villenave, C., Rabary, B., Kichenin, E., Djigal, D., Blanchart, E., 2010. Earthworms and
plant residues modify nematodes in tropical cropping soils (Madagascar): a meso-
cosm experiment. Applied and Environmental Soil Science 2010, 1-7. http://dx.doi.
0rg/10.1155/2010/323640.

Waddington, C., 1965. Introduction to the symposium. In: Baker, H.G., Stebbins, G.L.
(Eds.), The Genetics of Colonizing Species. Academic Press, New York, pp. 1-6.
Williamson, M., Fitter, A., 1996. The varying success of invaders author ( s ): mark wil-
liamson and alastair fitter published by: ecological Society of America stable. Ecology

77, 1661-1666. http://www.jstor.org/stable/2265769.

Wurst, S., 2010. Effects of earthworms on above and belowground herbivores. Applied
Soil Ecology 45, 123-130. http://dx.doi.org/10.1016/j.aps0il.2010.04.005.

Zavala-Cruz, J., Trujillo-Capistran, F., Ortiz-Ceballos, G.C., Ortiz-ceballos, A.L., 2012.
Tropical endogeic earthworm population in a pollution gradient with weathered
crude oil. Environmental Sciences 7 (1), 15-26.

Zhang, H., Yang, X., Du, J., Wy, Y., 2008. Influence of soil temperature and moisture on
the cocoon production and hatching of the exotic earthworm Pontoscolex corethrurus.
Zoological Research 29, 305-312. http://dx.doi.org/10.3724/SP.J.1141.2008.
03305.

Zhang, M., Zou, X., Schaefer, D. a, 2010. Alteration of soil labile organic carbon by in-
vasive earthworms (Pontoscolex corethrurus) in tropical rubber plantations. European
Journal of Soil Biology 46, 74-79. http://dx.doi.org/10.1016/j.ejsobi.2009.11.004.

Zou, X., 1993. Species effects on earthworm density in tropical tree plantations in Hawaii.
Biology and Fertility of Soils 15, 35-38. http://dx.doi.org/10.1007/bf00336285.

Zou, X., Gonzalez, G., 1997. Changes in earthworm density and community structure
during secondary succession in abandoned tropical pastures. Soil Biology and
Biochemistry 29, 627-629. http://dx.doi.org/10.1016/5S0038-0717(96)00188-5.

Zou, X., Arandes-Perez, B., Capo-Ramos, D., Gutierrez-Santiago, J., Rosario-Santiago, M.,
2006. Comparisons of earthworm community structure between an active pasture
and an adjacent tropical wet forest in Puerto Rico. Caribean Journal of Science 42,
311-314.

Zund, P.R., Pillai-McGarry, U., McGarry, D., Bray, S.G., 1997. Repair of a compacted
oxisol by the earthworm Pontoscolex corethrurus (Glossoscolecidae, Oligochaeta).
Biology and Fertility of Soils 25, 202-208. http://dx.doi.org/10.1007/
5003740050304


http://refhub.elsevier.com/S0038-0717(17)30632-6/sref141
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref141
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref142
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref142
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref142
http://dx.doi.org/10.1590/S0100-204X2009000800037
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref144
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref144
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref144
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref145
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref145
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref145
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref145
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref146
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref146
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref147
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref147
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref147
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref147
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref147
http://dx.doi.org/10.1007/s10530-015-1045-6
http://dx.doi.org/10.1007/s10530-015-1045-6
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref149
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref149
http://dx.doi.org/10.1016/j.pedobi.2010.12.002
http://dx.doi.org/10.1016/j.pedobi.2010.12.002
http://dx.doi.org/10.1134/S1062359015080099
http://dx.doi.org/10.1134/S1062359015080099
http://dx.doi.org/10.1071/SR14034
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120304
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120304
http://dx.doi.org/10.1016/j.envpol.2009.02.029
http://dx.doi.org/10.1016/j.envpol.2009.02.029
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref155
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref155
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref156
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref156
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref156
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref157
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref157
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref157
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref158
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref158
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref158
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref159
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref159
http://dx.doi.org/10.1890/04-0788
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref161
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref161
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref161
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref161
http://dx.doi.org/10.1007/s10658-015-0846-x
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref163
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref163
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref163
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref164
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref164
http://dx.doi.org/10.1007/s00374-002-0535-8
http://dx.doi.org/10.1007/s00374-004-0804-9
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref167
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref167
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref168
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref168
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref169
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref169
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref169
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref170
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref170
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref171
http://dx.doi.org/10.1155/2010/323640
http://dx.doi.org/10.1155/2010/323640
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref173
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref173
http://www.jstor.org/stable/2265769
http://dx.doi.org/10.1016/j.apsoil.2010.04.005
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref176
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref176
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref176
http://dx.doi.org/10.3724/SP.J.1141.2008.03305
http://dx.doi.org/10.3724/SP.J.1141.2008.03305
http://dx.doi.org/10.1016/j.ejsobi.2009.11.004
http://dx.doi.org/10.1007/bf00336285
http://dx.doi.org/10.1016/S0038-0717(96)00188-5
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref181
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref181
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref181
http://refhub.elsevier.com/S0038-0717(17)30632-6/sref181
http://dx.doi.org/10.1007/s003740050304
http://dx.doi.org/10.1007/s003740050304

IIl. Chapter 2: How many invasive lineages within the complex of
species Pontoscolex corethrurus?
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1II.1. Chapter’s foreword

Few studies on speciation process and cryptic species discovery have been done on peregrine
earthworm species. These kinds of studies are even rarer for species in tropical zone. Knowledge
on cryptic species existence is especially important for the taxa which are used as biological
models e.g., soil bioindicator, bioremediation agent, and ecotoxicological model, because working
on different species could give us biased results. One of the known peregrine earthworm species
in the tropical zone is Pontoscolex corethrurus. This morphospecies is also one of the most studied
in soil science. In 2014, Cunha et al. (2014) found two cryptic lineages within P. corethrurus on
Sao Miguel Island of Azores archipelago. One lineage was found in a pineapple plantation and the
other one in a volcano caldera (Furnas). During this chapter, we were interested to investigate if
more cryptic lineages within P. corethrurus complex could be found in samples coming from the
tropical and sub-tropical zones. We were also interested to assign the type locality samples (i.e.,
samples from where P. corethrurus was described for the first time in 1856 in Santa Catarina state,
southern Brazil), of this morphospecies to one of the lineages revealed by the
phylogenetic/phylogenomic trees. Meanwhile, as one of the main characteristics to diagnose this
morphospecies is the quincunx formation of the setae in the last quarter of its body, we intended
to evaluate the taxonomic value of this morphological character. The possibility of mistaking this
morphospecies with other species in the genus Pontoscolex by considering this character has been
already highlighted.

This study was done on samples from 116 sites through 25 countries, which came from a vast
collaboration with scientists from all over the world (Figure B 1). These collaborations were from;
Taiwan, Norway, France, United Kingdom, Brazil, Martinique, Mexico, Peru and United States.

This article has been accepted for publication subject to minor revisions in Molecular
Phylogenetics and Evolution journal on 11" of December 2017.
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ABSTRACT

Pontoscolex corethrurus is the most widespread earthworm species in tropical and sub-tropical zones and one of
the most studied in soil science. Although, ecological interactions of P. corethrurus with its environment are well
documented, the taxonomic status of the species remains unclear. In this study, we investigated phylogenetic
relationships within the genus Pontoscolex, in particular focusing on morphologically indistinguishable (i.e.,
cryptic) lineages. A total of 792 specimens collected from 25 different countries and islands all over the world
were analyzed using two mitochondrial (COI and 16S rDNA) and two nuclear (internal transcribed spacers 2 and
28S rDNA) markers, and a total of 11 morphological characters both internal and external were investigated in
all genetically characterized lineages. A large-scale multilocus sequence data matrix was also obtained for
Pontoscolex spp. specimens using the Anchored Hybrid Enrichment (AHE) method. Multilocus phylogenetic and
phylogenomic analyses, combined with species delimitation methods; including single locus (mPTP, ABGD) and
multilocus (BPP) approaches, revealed congruent results. Four cryptic species were supported within the P.
corethrurus species complex, and four potentially new species within the genus Pontoscolex. One widespread
lineage (L1), within P. corethrurus complex was observed in the current population of Fritz Miiller’s garden where
P. corethrurus was first described in 1856. Cryptic lineages were observed in sympatry at several localities. This,
in combination with observed heteroplasmy in COI gene in one population raises an important question of
reproductive isolation between these species.

1. Introduction formation of cryptic species (Bickford et al., 2007). Although this
phenomenon has been recognized for centuries (Winker, 2005), appli-
Speciation not accompanied by morphological changes results in cation of molecular approaches over the last few decades has provided a

* Corresponding author at: Faculty of Sciences and Technology, University of Paris-East Créteil, 61 Avenue of Général de Gaulle, 94010 Créteil Cedex, France.
E-mail address: shabnam.taheri0@gmail.com (S. Taheri).

https://doi.org/10.1016/j.ympev.2018.02.021

Received 6 November 2017; Received in revised form 20 February 2018; Accepted 20 February 2018
Available online 28 February 2018

1055-7903/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/10557903
https://www.elsevier.com/locate/ympev
https://doi.org/10.1016/j.ympev.2018.02.021
https://doi.org/10.1016/j.ympev.2018.02.021
mailto:shabnam.taheri0@gmail.com
https://doi.org/10.1016/j.ympev.2018.02.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2018.02.021&domain=pdf

S. Taheri et al.

rapid and increasingly inexpensive means for unraveling these taxo-
nomic challenges. Bickford et al. (2007) emphasized that strong en-
vironmental constraints may drive morphological stasis through stabi-
lizing selection or adaptation to specific hosts (i.e., strong selection on
behavioral or physiological characters). An alternative hypothesis is
that cryptic species might be common in environments that hamper
transmission of visual signals. In soil for instance, chemical signaling
may play a more crucial role than morphological traits in sexual re-
cognition (Novo et al., 2013).

Over the past decade, several genetically distinct, yet morphologi-
cally indistinguishable lineages have been identified within several
earthworm morphospecies, including; Hormogaster elisae Alvarez, 1977
(Marchan et al., 2017; Novo et al., 2010, 2009), Metaphire paiwanna
Tsai et al., 2000 (Chang et al., 2008), Allolobophora chlorotica Savigny,
1826 (Dupont et al., 2011; King et al., 2008), Aporrectodea caliginosa
Savigny, 1826 (Pérez-Losada et al., 2009), Lumbricus terrestris Linnaeus,
1758 (James et al., 2010), Lumbricus rubellus Hoffmeister, 1843
(Donnelly et al., 2013), Pontoscolex corethrurus Miiller, 1856 (Cunha
et al., 2014), Eisenia nordenskioldi Eisen, 1879 (Shekhovtsov et al.,
2016a, 2013), and Eisenia nordenskioldi pallida Malevick, 1956
(Shekhovtsov et al., 2016b). These cryptic species were rarely observed
in sympatry or occupying the same ecological niche within the same
habitat (King et al., 2008). Competition theory predicts that morpho-
logically similar species should not coexist (Chesson, 1991), even
though coexistence could be facilitated by differences in their biology
(Zhang et al., 2004) and ecology. For instance, some of A. chlorotica
lineages overlap in geographic distribution (i.e., sympatry) but are al-
lotopic (i.e., do not occupy the same macrohabitat; Dupont et al., 2016)
and have contrasting ecological preferences (Lowe and Butt, 2007).

Even in the rare cases where cryptic earthworm species have been
found in sympatry, hybridization is uncommon. Limited hybridization
has been, however, documented between Lumbricus terrestris and L.
herculeus (Martinsson and Erséus, 2017), which were considered as one
for a long time (James et al., 2010). Martinsson and Erséus (2017) have
also detected limited hybridization among L. rubellus cryptic lineages
using one nuclear and one mitochondrial gene. Similarly, Dupont et al.
(2016) demonstrated that hybridization events were rare between
lineages within the A. chlorotica species complex, but that historical
hybridization can be inferred from patterns of mitochondrial in-
trogression.

These complexes of cryptic earthworm species are mostly known
from temperate and subtropical regions whereas a few cases of cryptic
diversity were reported in tropical zone (Chang et al., 2008, 2007;
Chang and Chen, 2005). Here, we investigated the genetic diversity
within specimens that are commonly attributed to Pontoscolex core-
thrurus (Miiller, 1856), a pantropical earthworm that is tolerant to a
wide range of biotic and abiotic environmental conditions, traits that
make it a successful colonizer (Fragoso et al., 1999; Lavelle et al.,
1987). It is believed that P. corethrurus reproduces by parthenogenesis,
however sexual reproduction is also possible (review in Taheri et al.,
2018). P. corethrurus belongs to the family Rhinodrilidae (James, 2012),
and it is believed to have originated from the Guayana shield area
(Righi, 1984). A total of 20 nominal species have been formally de-
scribed in the genus Pontoscolex on the basis of morphological diag-
noses (Feijoo and Celis, 2012; Moreno, 2004). They were clustered in
three distinct subgenera: Pontoscolex, Meroscolex and Mesoscolex
(Borges, 1992). P. (Pontoscolex) corethrurus is the most widespread
earthworm in the tropics (Plisko, 2001; Rombke et al., 2009) and sub-
tropics (Taheri et al., 2018). It was described for the first time in 1856
by Fritz Miiller from individuals collected in Itajai (currently Blu-
menau), in Santa Catarina state, southern Brazil (Miiller, 1856). The
quincunx formation of setae on the last quarter of the body is the most
commonly used character for the diagnosis of this morphospecies
(Fig. 1A).

Pontoscolex corethrurus has been extensively used as a biological
model in soil science (Duarte et al., 2012; Fragoso et al., 1997; Ganihar,
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2003; Garcia and Fragoso, 2002; Henrot and Brussaard, 1997; Jusselme
et al., 2012; Liang et al., 2011; Moreno, 2004; Nath and Chaudhuri,
2012; Plisko, 2001; Senapati et al., 1999; Topoliantz et al., 2002). Be-
cause of their major roles in many aspects of soil fertility, food web
ecology and ecosystem functioning, earthworms are common subjects
of ecological and toxicological researches (Edwards, 2004; King et al.,
2008). A comprehensive knowledge of boundaries between species is
then crucial when using earthworms as biological models, as different
species may have different impacts on their environments and respond
differently to environmental stresses (Dominguez et al., 2005; Donnelly
et al., 2013; Kille et al., 2013; Rombke et al., 2016; Voua Otomo et al.,
2013). Despite the widespread interest by scientists in P. corethrurus,
only three studies investigated the genetic characteristics of this mor-
phospecies (Conrado et al., 2017; Cunha et al., 2014; Dupont et al.,
2012). Interestingly, Cunha et al. (2014) found two genetically di-
vergent lineages within P. corethrurus samples from the island of Sdo
Miguel (Azores) suggesting for the first time the existence of cryptic
species in this morphospecies. They showed that the lineage found in
the Furnas volcano could cope with extreme conditions found in the
caldera, where it tolerates a mixture of non-anthropogenic chemical
and physical stresses.

The objectives of the present study were to characterize the genetic
structure and diversity within the P. corethrurus complex at a global
scale, and to use these data to infer phylogenetic placement of the type
material of P. corethrurus described by Fritz Miiller. For this purpose, we
reconstructed phylogenetic relationships among lineages belonging to
the genus Pontoscolex using two mitochondrial and two nuclear genes
and checked our results using a large-scale multilocus sequence data
matrix obtained for a restricted number of samples. Moreover, we ex-
amined morphological traits generally used to identify P. corethrurus to
assess their taxonomic value.

2. Material and methods
2.1. Phylogenetic approach

2.1.1. Samples

A total of 792 earthworms morphologically close to P. corethrurus
were collected by soil scientists and biologists from 25 countries and
islands in tropical, subtropical and temperate zones (Table 1). These
countries and islands included Fiji, Gabon, Madagascar, Brazil, Cuba,
Dominican, French Guiana, Jamaica, Mexico, Peru, St. Croix, St. Kitts,
St. Lucia, St. Vincent, Trinidad and Tobago, Martinique, Hawaii, India,
Malaysia, Philippines, Taiwan, Thailand, and the Azores, which in total
represent 6 of the biogeographic realms used in Hendrix et al. (2008).
Specimens from the two localities of Azores studied by Cunha et al.
(2014) were added to our samples. Between 1 and 22 sites were sam-
pled in each country or island (Fig. 2 and Table A.1 of Supplementary
data). One of the sampling sites was Fritz Miiller’s garden, the probable
type locality from where this species was first described in 1856
(Miiller, 1856). Individuals from this site were considered as topotypes
(i.e., a specimen originating from the type locality of the species or
subspecies to which it is thought to belong) for P. corethrurus. GenBank
sequences for mitochondrial and nuclear markers corresponding to P.
corethrurus were also added to our data, including cytochrome oxidase I
(COD (UN036370, JQ279700, AB543229, JN887898, JN185607,
JQ279698, JQ279699, JN887896, JN887897), 16S rDNA gene
(JN793524, AB543235, JN887906, JN887905), and the 28S rDNA gene
(AY101571, KJ912259). These sequences were from Australia, Brazil,
French Guiana, India and Japan. Two specimens of P. (Pontoscolex)
spiralis (only known from a few locations in the Caribbean; Borges and
Moreno, 1990; James and Gamiette, 2016) from Guadeloupe and
Puerto Rico were added. This species has a distinct morphology making
it easy to recognize and was used as a reference point in the genus
Pontoscolex. After collection, specimens were washed in distilled water,
and preserved in 100% ethanol.
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2.1.2. DNA extraction, amplification, and sequencing

A 20-mg piece of dorsal tegument was cut between the tail and the
clitellum. DNA extraction was performed using the Nucleospin tissue kit
(Macherey Nagel, France). Two mitochondrial regions; fragments of the
cytochrome oxidase I (COI) and the 16S-rDNA genes, and two nuclear
sequences; a fragment of the 28S-rDNA gene and internal transcribed
spacer 2 (ITS2), were amplified. The COI fragment corresponds to the
standard DNA barcode for animals (Hebert et al., 2003) and was am-
plified using primers LCO1490 (5-GGTCAACAAATCATAAAGATAT
TGG-3) and HCO2198 (5-TAAACTTCAGGGTGACCAAAAAATCA-3%)
(Folmer et al., 1994). The PCR reaction mixture contained 10 ng of DNA
template, 0.2 uM of each primer, 0.5 mM of dNTPs, 1 mg/ml of BSA,
2.5mM of MgCl, 1U of FlexiTaq polymerase (Promega, France) and 1X
of Taq buffer, in a total volume of 25 pl. PCR conditions were: an initial
denaturation step at 94 °C for 3 min and 10 amplification cycles at 94 °C
for 30's, 44 °C for 45's, 72 °C for 60 s; another 30 cycles of amplification
at 94 °C for 30, 50 °C for 455, 72°C for 60 s, and a final extension at
72 °C for 10 min. For specimens showing poor PCR success, two alter-
nate COI primer pairs were used; the first one was LepF (5-ATTCAAC
CAATCATAAAGATATTGG-3’) and LepR (5-TAAACTTCTGGATGTCCA
AAAAATCA-3’) (Hajibabaei et al., 2006), and the second one, designed
from this study for the genus Pontoscolex using Primer3 (http://www.
simgene.com/Primer3), was PontoF (5-CTAGGAGTGTGGGCTGG
AAT-3") and PontoR (5-AGCAGGATCAAAGAAGGAGGT-3’). The 16S
rDNA gene fragment was amplified using primers LR-J-12887 (5’-CCG
GTCTGAACTCAGATCACGT-3’) (Palumbi et al., 2002) and LR-N-13398
(5-CGCCTGTTTAACAAAAACAT-3’) (Simon et al., 1994). The ITS2
fragment was amplified using primers 5.8Smuss-F (5-CGCAGCCAGCT
GCGTGAATTAATGT-3’) (Kallersjo et al., 2014) and ETTS1-R (5’-GCTT
AAGTTCAGCGGGT-3") (Vilgalys and Hester, 1990) and the 28S rDNA
fragment was amplified using primers F1 (5-GAGTACGTGAAACCGTC
TAG-3’) and R1 (5-CGTTTCGTCCCCAAGGCCTC-3’) (Pérez-Losada
et al., 2009). For all primer pairs, PCR conditions were: an initial de-
naturation step at 94 °C for 3 min and 40 amplification cycles with 94 °C
for 30s, annealing temperature differed between primers; i.e., COI Lep
at 49 °C, 16S and ITS2 at 50 °C, 28S at 54 °C and COI Ponto at 55 °C for
45s, 72°C for 60s, and a final extension at 72°C for 10 min. PCR
products were purified, and forward and reverse strands sequenced by
Eurofins (https://www.eurofinsgenomics.eu/). Sequences were aligned
and edited manually using BioEdit v.7.1.9 (Hall, 1999) and Seaview
v.4.5.4 (Gouy et al., 2010). For the protein-coding gene COI, alignment
was translated to amino acids using MEGA 6 (Tamura et al., 2013) to
detect frame-shift mutations or stop codons; which may indicate the
presence of pseudogenes. In cases of ambiguous sequencing results
(e.g., ambiguous base calls, unexpected position of a sequence in the
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Fig. 1. Morphological characteristics of Pontoscolex
spp.: (A) Quincunx formation of setae observed on the
last quarter of some species within Pontoscolex genus. A
characteristic used to diagnose. P. corethrurus; (B) A, B,
C, and D setae positions, on top is the dorsal and on
down the ventral part of an earthworm and (C)
Hooked-setae in comparison with non-hooked-setae.
Both pictures represent lateral views. (1) setae of an

QQ individual from the Philippines (Tawi Tawi island, L1).
(2) setae of an individual from French Guiana (Pararé
> C, P. sp. 1).
?‘

Ventral section

reconstructed tree), DNA was re-extracted and re-sequenced. Hetero-
zygous positions were either treated as missing data (N) for phyloge-
netic reconstructions or considered as informative polymorphism (used
for phasing, see below) for haplotype network reconstructions and
heteroplasmy analyses.

2.1.3. Analyses of molecular data

2.1.3.1. Phasing and haplotype networks. Heterozygous sites were
observed for some sequences of nuclear markers. In order to derive
information from these sites, phasing was performed on these
sequences. Haplotypes were inferred using the PHASE program
implemented in the software DnaSP v.5, based on alignments
containing available unphased sequences from the present study. A
haplotype network was constructed based on derived haplotypes after
phasing, in Network v. 5.0.0.1 with median joining calculations
(Bandelt et al., 1999).

2.1.3.2. Phylogenetic trees. The 16S rDNA, COI, 28S rDNA and ITS2
alignments were concatenated using Seaview v.4.5.4 and haplotypes
were generated using DnaSP v.5 (Librado and Rozas, 2009).
Topological and branch-length congruence of the mitochondrial (COI
and 16S rDNA) and nuclear (ITS2 and 28S rDNA) datasets were tested
using Concaterpillar 1.8a (Leigh et al., 2008). Concaterpillar uses the
likelihood ratio test for congruence developed by Huelsenbeck et al.
(1996) in a hierarchical framework to identify congruent subsets of
genes. DNA sequences were analyzed under the GTR model proposed by
the software. The mitochondrial and nuclear datasets were found to be
topologically congruent (raw P-value = 0.17, Weibull-smoothed P-
value = 0.16). They were also congruent with each other according
to the branch length congruence test (P = 0.16). Absence of significant
incongruence between partitions (p = 0.72) was also showed by the
incongruence length difference (ILD) test of Farris et al. (1995), also
known as the partition homogeneity test, in PAUP v. 4 (Swofford,
2002). Heuristic searches were performed on 500 pseudoreplicates with
ten random additions of taxa, holding one tree per iteration to a
maximum of 100 trees. Phylogenetic analyses were thus performed on
the concatenated sequences.

The best fitting evolutionary model was selected with MrModelTest
(Nylander, 2016) using the Akaike Information Criterion for each in-
dividual partition and for the total concatenated dataset. For Bayesian
Inference, appropriate models of substitution per gene was: GTR + G,
HKY + I + G, GTR + I and GTR + G for the 16S rDNA, COI, 28S rDNA
and ITS2 datasets, respectively. The Bayesian search was carried out
with MrBayes v.3.1.2 (Ronquist and Huelsenbeck, 2003) using four
simultaneous Markov chains, 2 million generations and sampling every
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Samples origins, number of sample sites, cryptic lineages found and the number of mitochondrial (COI and 16S) and nuclear (ITS2 and 28S) sequences used for Pontoscolex specimens
collected in each country. Missing data where the amplification was not performed are shown with a dash symbol (-).

Biogeographic realm  Country or Island Nb of COI 16s ITS2 28s Cryptic Other species
Sites lineage
Australian Fiji 1 - 1 - - 1
Ethiopian Gabon 1 20 13 15 1 1
Ethiopian Madagascar 2 15 14 1 1
Neotropical Brazil 14 139 109 70 11 1,3, 4 P.sp. 4
Neotropical Cuba 1 3 3 1 3
Neotropical Dominican 1 - 2 - - 1
Neotropical French Guiana 22 237 169 61 26 1,2 P.sp.1andP.
sp. 2
Neotropical Jamaica 1 - 2 - - 1,3
Neotropical Mexico 3 38 39 38 5 1,3 P.sp. 3
Neotropical Peru 16 19 15 5 5 1
Neotropical St. Croix 1 - 1 - - 1
Neotropical St. Kitts 1 - 1 - - 1
Neotropical St. Lucia 1 1 2 1 1 1
Neotropical St. Vincent 1 1 2 1 1 1
Neotropical Trinidad & Tobago 1 1 1 1 - 1
Neotropical Martinique 3 15 4 4 4 1
Neotropical Guadeloupe 1 1 1 1 - - P. spiralis
Neotropical Peurto Rico 1 1 1 1 1 - P. spiralis
Oceanic Hawai 1 1 7 1 1 1
Oriental India 2 15 4 4 2 4
Oriental Malaysia 1 3 - 1 1
Oriental Philippeans 10 10 57 2 2 1
Oriental Taiwan 21 61 15 5 5 1,3,4
Oriental Thailand 7 64 65 1 1 1
Palearctic Azores 2 8 6 4 4 1,4
Total 25 116 653 537 217 73
Genbank Australia, Brazil, Fr. Guiana, - JQ279700-L1- JN793524-L1-IND - AY101571-L1- L1 P. sp. 3, IND
India, Japan Fr.GUI* AUS*

JQ279698-L1- AB543235-L1-JPN KJ912259-L1-

Fr.GUI BRA*

JQ279699-L1- JN887905-P.sp.3-

Fr.GUI IND

AB543229-L1-JPN*  JN887906-P.sp.3-

IND

JN887898-L1-IND
JN036370-L1-IND
JN185607-L1-IND
JN887896-P.sp.3-
IND

JN887897-P.sp.3-
IND

Fr. GUI*: French Guiana.
JPN*: Japan.

IND*: India.

AUS*: Australia.

BRA*: Brazil.

100 generations, with a burn-in of 2000. Resulting p-files were ex-
amined in Tracer v.1.6 (Rambaut et al., 2014) to evaluate convergence
and to ensure sufficient burn-in for the trees. Maximum likelihood (ML)
analysis was performed with PhyMI online analysis (http://www.atgc-
montpellier.fr/phyml/, Guindon et al., 2010) for the concatenated da-
taset using the global GTR + I + G model of substitution using default
parameters. Clade support was assessed using bootstrap with 1000
pseudoreplicates. Trees were visualized and edited using FigTree v.
1.4.2. (Rambaut, 2014).

2.1.3.3. Molecular  species  delimitation  analyses. For  species
delimitation, we followed a two-step procedure: we first used single
locus methods applied to the complete COI haplotype dataset (79
haplotypes) in order to infer species hypotheses, which were tested in a
second step using multilocus analyses applied to the concatenated
dataset from the 4 genes (63 sequences out of 1474; i.e., those
specimens for which we had the 4 genes sequences) in order to
confirm putative species.

For single locus analysis, the Automatic Barcode Gap Discovery
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(ABGD) method developed by Puillandre et al. (2012) was performed.
79 COI haplotypes were used in PAUP v. 4 software to have the distance
matrix under the appropriate model for this gene i.e., HKY + I + G as
an input on the ABGD webpage http://wwwabi.snv.jussieu.fr/public/
abgd/abgdweb.html. Initial partitions were selected as they are typi-
cally more stable on a wide range of prior values and are generally
closer to the number of groups described by taxonomists than recursive
partitions (i.e., primary partitions assume a single gap for the entire
data set, while the recursive partition splits the primary partitions into
secondary partitions, and so on until no further splittings occur)
(Puillandre et al., 2012).

Another single locus analysis was the multi-rate Poisson Tree
Process (mPTP) analysis which is a model that accommodates different
rates of coalescence within clades (Kapli et al., 2017). We performed
the mPTP analysis on the COI ML tree reconstructed by PhyMl, using
the online mPTP implementation http://mptp.h-its.org/# /tree.

We then tested the species hypotheses inferred from ABGD and
mPTP using the multilocus Bayesian Phylogenetics and Phylogeography
(BPP) v.3.1 analysis applied to a dataset combining all four genes
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Legend
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Mexico and CaribbeanIslands

%

French Guiana

Brazil

Fig. 2. Cryptic lineages in Pontoscolex corethrurus. Mexico and Caribbean islands, French Guiana, Brazil and South-East Asia are magnified in the squares. Cryptic lineages are shown by
different colors: L1 (green lineage), L2 (orange), L3 (red) and L4 (blue). L1 is the most widespread lineage. Sites with sympatry of cryptic lineages are marked by a star. Refer to Appendix
for more information on the sampled sites within each country. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

sequenced: 16S rDNA, COI, 28S rDNA and ITS2. BPP uses the multi-
species coalescent to analyze DNA sequence data, and can accom-
modate incomplete lineage sorting and uncertainty in the topology of
the species tree (Rannala and Yang, 2003; Yang, 2002). We used the
joint species delimitation and species-tree inference (unguided species
delimitation), for which the topology from the concatenated Bayesian
reconstruction was used as a guide tree, and species numbers were used
based on the ABGD and mPTP approaches. As different parameters in
this approach could influence the results, we used the parameters
proposed by Martinsson and Erséus (2017). Two analyses, A and B,
were run to ensure robust results within analyses, with different para-
meters as follows: in analysis A the population size parameter (6s) was
assigned the gamma prior G (2, 100), with mean of 2/100 = 0.02 and
the divergence time at the root of the species tree (t0) was assigned the
gamma prior G (2, 20); for analysis B, the population size parameter
(6s) was assigned the gamma prior G (2, 400), with mean of 2/
400 = 0.005, and (t0) was assigned the gamma prior G (2, 40). The
analyses were run for 200,000 generations with a burn-in of 10,000
generations and a sample frequency of 5. A and B each were run three
times to confirm consistency between runs. Lineages delimited with a
posterior probability of > 0.95 in all analyses are considered as well
supported.

At the end, we calculated the mean genetic differentiation between
putative species based on ABGD, mPTP and BPP species delimitations.
This analysis was done based on 79 haplotypes of COI using Kimura’s 2-
parameter (Kimura, 1980) model of sequence evolution by MEGA v.6.
(Tamura et al., 2013). This model was chosen for facilitating compar-
isons with other studies focusing on genetic divergence between
earthworm species (Chang and James, 2011; Porco et al., 2013;
Rombke et al., 2016; Voua Otomo et al., 2013).
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2.2. Phylogenomic approach

We also produced a genome wide multilocus sequence dataset for
eight of the Pontoscolex species sampled for the phylogenetic analysis
described above. Using the results of the latter, one specimen per
lineage was selected for phylogenomic study, plus the Rhinodrilidae
outgroup taxa Andiorrhinus sp. and Urobenus sp. For this analysis, Cunha
et al. (2014) lineage samples were not available.

We used Anchored Hybrid Enrichment (AHE) following Lemmon
et al. (2012) and Lemmon and Lemmon (2013), and the workflow as
described here: http://anchoredphylogeny.com/workflow/ (accessed
22 September 2017). Data were collected in the Center for Anchored
Phylogenomics at Florida State University. A custom probe kit was
prepared following Hamilton et al. (2016) by analyzing 2 Clitellate
genomes (Helobdella robusta and Lumbricus rubellus) and one Polychaete
genome (Capitella teleta), and 130 transcriptomes derived from broad
taxon sampling of the Annelida. These transcriptomes were obtained for
and used in Anderson et al. (2017) and by the Halanych Lab at Auburn
University (unpublished data). In total, 594 anchor loci were targeted
in the probe kit. After merging the overlapping read pairs (Rokyta et al.,
2012), reads were mapped to the target regions using Helobdella, Den-
drobaena, and Mesenchytraeus as references (for details of the assembly,
and orthology methods, see Hamilton et al., 2016). In order to avoid
contamination caused by indexing error, consensus sequences resulting
from the assembly were screened to remove those originating from
fewer than 650 loci. Orthology was assessed on the resulting consensus
sequences using a neighbor-joining approach based on alignment-free
pairwise sequence distances. Finally, alignments were performed in
MAFFT (v7.023b, with —genafpair and —maxiterate 1000 flags, Katoh
and Standley, 2013) and trimmed to remove poorly aligned regions.

After read assembly, quality control, alignment and alignment
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trimming, sequence data were used to derive phylogenetic trees using
ASTRAL (Mirarab et al., 2014; Mirarab and Warnow, 2015), which
calculates individual gene trees and assembles them into a supertree;
and PhyMl online (http://www.atgc-montpellier.fr/phyml/, Guindon
et al., 2010) analysis in which concatenated alignments were used as
input data for ML estimation and run under the GTR + G + I model
selected by SMS (Lefort et al., 2017) using the AIC criterion. Clade
support was assessed using bootstrap with 1000 pseudoreplicates.

2.3. Morphological analyses

Based on phylogenetic, phylogenomic and delimitation results, at
least three specimens per lineage were chosen for morphological and
anatomical study. Some key external characteristics of Pontoscolex, such
as the positions of the clitellum and tubercula pubertatis, the shape and
(ir)regularity of setae (A, B, C, and D) on the body (Fig. 1B), and pre-
sence or absence of genital markings, were carefully examined. Quin-
cunx formation of setae in the last quarter of the body was also verified
for each lineage. Some key internal characteristics of the genus were
also observed, including presence or absence of seminal vesicles, shape
and positions of calciferous glands, gizzard and hearts.

3. Results

3.1. Phylogenetic relationships and species delimitation within the genus
Pontoscolex

A total of 1474 sequences were acquired in this study and 15 se-
quences were obtained in GenBank. The lengths of each marker after
alignment were: 492 bp for 16S rDNA (32 haplotypes/ 540 sequences),
634 bp for COI (79 haplotypes/659 sequences), 712 bp for 28S rDNA
(27 haplotypes/73 sequences), 409bp for ITS2 (48 haplotypes/217
sequences). The DNA sequences were deposited in GenBank; the
Accession Numbers are shown in Supplementary data (Table A.2). Our
concatenated 4-genes dataset (47 haplotypes/63 specimens; see
Table 1) had a total length of 2247 bp. The trees obtained from the
analyses of the concatenated dataset using Bayesian inference (BI) and
Maximum Likelihood (ML) methods revealed congruent topologies
(Fig. 3 for BI and Fig. A.1 of Supplementary data for ML). The estimated
genealogies for the four genes based on BI showed good convergence
and high ESS (estimated sample size) values (i.e., > 200).

The number of candidate species (9 species) recovered by ABGD
(initial partitions) was very stable across all prior intraspecific di-
vergences (P = 0.1 to P = 0.0017), except for the extreme value of
P = 0.0010 (for which 40 species were recovered). The same results
were observed for mPTP procedure of species delimitation (Fig. 3).

All three runs of the multilocus species delimitation analyses A and
B in BPP produced congruent results with the single locus approach.
Rannala and Yang (2003) suggested that putative species could be
considered distinct if their posterior probability (PP) exceeded a
threshold of 95-99%. In our results, except for L2 and L3 in analysis B
(which had a PP of 99%), all the other lineages for both analyses A and
B had a PP of 100%, suggesting that these lineages correspond to nine
distinct species (Fig. 3).

Results of COI K2P genetic distances between the 9 putative species
are shown in Table A.3 of Supplementary data. The lowest genetic di-
vergence found in P. corethrurus complex is 14.1% between L3 and L4
and, the highest value is 20.7% between L1 and L2. For other
Pontoscolex species, the lowest value was between P. sp. 2 and P. sp. 3
(17.3%) and the highest, between P. sp. 1 and P. sp. 4 (25.4%).

3.2. Phylogenomic data
For the 8 in-group Pontoscolex samples plus two Rhinodrilidae

outgroup samples, an average of 577 loci > 125bp, 575 loci >
250 bp, 554 loci > 500 bp and 115 loci > 1000 were captured. The
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final data set consisted of 609 loci, comprising 238,549 sites, of which
63,124 were variable and 27,483 were informative (genomic data are
available at: http://purl.org/phylo/treebase/phylows/study/
TB2:522250?x-access-code = 3cfa49fbd797d19078a0fe3adbd8525d&
format=html. Missing data made up 25.12% of the matrix. ML tree
topology was exactly the same to those obtained from four genes except
that lineage L4 was absent in phylogenomic analyses (no samples
provided). All nodal support values are 1000 except for the node con-
necting P. spiralis to the tree which is 888. The phylogenomic trees (Fig.
A.2 of the Supplementary data for ML tree) were highly similar to the
concatenated 4 gene trees.

3.3. Morphological traits of the recovered lineages

The results of the comparative analysis of key morphological traits
from at least three specimens per putative species are shown in Table 2.
All the individuals were consistent with respect to the morphological
characters defining the genus Pontoscolex, which are the position of
gizzard on the 6th segment, calciferous glands in 7th, 8th and 9th
segments, and hearts in the 10th and 11th segments. Among the nine
lineages recovered by ABGD/mPTP and confirmed by BPP approaches,
five could be consistently distinguished morphologically: one matches
the formally named species P. spiralis, and four other unnamed lineages
are designated as P. sp. 1, P. sp. 2, P. sp. 3 and P. sp. 4 according to their
position in the phylogenetic tree. The four remaining lineages could not
be distinguished morphologically and were named L1, L2, L3 and L4.
They constituted a monophyletic group in the phylogenetic tree (Fig. 3)
and were separated from P. sp. 1, P. sp. 2, P. sp. 3 and P. sp. 4 by P.
spiralis. Moreover, the topotypes clustered with lineage L1 and the
samples from the Azores were grouped with both L1 and L4. Conse-
quently, this clade was representative of the P. corethrurus complex.
Sequences from GenBank were all grouped with L1, but four sequences
from India (COI sequences JN887896 and JN887897, and 16S se-
quences JN887906 and JN887905) fell within P. sp. 3 lineage. All the
lineages had quincunx formation on the tails, except P. spiralis and P. sp.
4 that had regular A, B, C, and D setae all over the body. The position of
the clitellum was different between the P. corethrurus complex and P.
spiralis, P. sp. 3, and P. sp. 4. This character could not be recorded for P.
sp. 1 and P. sp 2 because all specimens were juveniles. P. sp. 1 was the
only lineage where hooked setae were observed (Fig. 1C), with regular
A setae row (Fig. 1B). Additionally, P. sp. 2 had regular A and C setae all
over the body. Almost all lineages had seminal vesicles, but in the P.
corethrurus complex it was not observed in all specimens. Genital
markings were observed for P. sp. 3, P. sp. 4, and P. spiralis individuals
at two positions.

3.4. Geographic distribution and relationship between cryptic lineages in the
P. corethrurus complex

The geographic distributions of the P. corethrurus lineages are shown
in Fig. 2. L1 was the most widespread lineage. In seven sites, different
cryptic lineages were observed in sympatry: L1/L3 (2 sites) in Mexico,
L1/L3/L4 in Taiwan, and in Brazil L1/L3 (2 sites), L1/L3/L4, and L1/
L4. Relationships among these lineages were further investigated using
a haplotype network obtained with phased nuclear sequences. Because
of very few polymorphisms and low resolution of the 28S rDNA marker
(9 polymorphic sites on a total of 712 bp), we present only the results
for ITS2 (Fig. 4). The ITS2 alignment comprised a total of 371 sites: 300
sites were invariable, 27 were polymorphic, 2 contained gaps and 42
contained missing data. The length of the alignment was shorter than
for the ITS2 alignment mentioned earlier (371 vs. 409 bp), because only
P. corethrurus complex sequences were used for this analysis and these
contained no indels or gaps in the alignment. Heterozygous ITS2 sites
were observed for 192 sequences from the P. corethrurus complex. The
analysis was done on the 38 haplotypes used in the tree resulting from
the analysis of the concatenated dataset. Each lineage of the P.
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Fig. 3. Bayesian haplotype tree of the four genes (16S rDNA + COI + 28S rDNA + ITS2). Bayesian posterior probability values > 0.85 are disposed at the node of each cluster. Species
delimitation analyses by ABGD, mPTP, BPP and morphological approaches are shown by bars. Posterior probability values based on BPP analysis for species delimitation are shown on
each branch (Analysis A/Analysis B). Generally species with both PP > 0.95 are considered as well supported species. Outgroup species and species other than P. corethrurus (P. spiralis,
P.sp. 1, P. sp. 2, P. sp. 3, and P. sp. 4) are shown in black text, without coloration. Color codes for lineages are the same as in Fig. 4. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

corethrurus complex was separated in the haplotype network except for
haplotype 5 which was shared between L3 and L4 and was observed in
the following locations; Furnas (Azores), Rabung and Hualtu (India),
National Taiwan University (Taiwan) in L4, Mancha, Tlalcotlen and
Hayas (Mexico), and Palmar de la Jarreta (Cuba) in L3.

Interestingly, three specimens from one site in Taiwan (National
Taiwan University) showed heteroplasmy for COI mitochondrial gene.
The DNA of these samples was extracted 2 times and sequenced 3 times
in order to exclude the contamination hypothesis. We observed that for
each heterozygous site, one possible case corresponded to the L3
lineage and the other to L4.

4. Discussion
4.1. New species within the genus Pontoscolex

Molecular analyses of 792 specimens belonging to the genus
Pontoscolex representing a global sampling, from the tropics and sub-
tropics, revealed the existence of nine genetically divergent lineages.
One of these lineages corresponded to the species P. spiralis which is
taxonomically well-known (Borges, 1996). Four lineages showed dis-
tinct morphological traits that allow us to differentiate them from the
morphospecies P. corethrurus and from P. spiralis. These species were
named P. sp. 1, P. sp. 2, P. sp. 3 and P. sp. 4. We were unable to assign
these four species to previously established names and some of them
could be new to science.
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P. sp. 1 presented hooked setae and Pontoscolex (Pontoscolex) ku-
neguara is the only species within the genus reported to have hooked-
setae on the body excluding the tail. Yet, hooked setae were observed
over the entire body of P. sp. 1, including the tail, thereby differ-
entiating these specimens from P. kuneguara. Pontoscolex sp. 2 was
characterized by regular A and C setae, a characteristic also reported for
P. hingstoni (Stephenson, 1931) and P. cuasi (Christoffersen, 2008;
Righi, 1984). In the former, seminal vesicles extend up to the 31st
segment while for the latter to the 25th. However, we were unable to
determine the seminal vesicles position in our specimens of P. sp. 2
because they were juveniles. The presence of irregular setae observed
on specimens representing the P. sp. 3 lineage indicate that this lineage
could be assigned to either the Pontoscolex or Mesocolex subgenus. The
subgenus Pontoscolex contains 15 species with and without regular
setae; in Mesoscolex only one species is currently known, and it has
irregular setae; and all four described species in the subgenus Mer-
oscolex, have regular setae (Moreno, 2004). As P. sp. 3 was only re-
presented by four juveniles from a single population in Mexico (i.e.,
Mancha), we were unable to compare the clitellum and tubercula
pubertatis positions with those of described species of Pontoscolex.
Despite small body size (in comparison with other specimens) and ju-
venile state, big seminal vesicles were remarkable during dissection of
this lineage. It is noteworthy that two sequences from GenBank for COI
(JN887896 and JN887897) and 16S (JN887906 and JN887905) genes,
labeled as P. corethrurus from India, clustered with this lineage. This
result highlights the risk of mistaking P. sp. 3 with P. corethrurus and
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Table 2

Morphological (internal and external) characters of Pontsocolex specimens found in each lineage and species. Missing data or information are shown with a dash symbol (-).

Hearts

Calciferous glands

shape

Calciferous glands

Gizzard
(segments)

Seminal

Quincunx

Regular
setae

Setae shape

Genital markings

(segments)

Clitellum position Tubercula Pubertatis

(segments)

Lineage

(segments)

Vesicles (segment)

formation on tail

position (segments)

Tubular 10, 11

7,8,9

6

Yes Yes/no

Non hooked None

No

19-21

15-23 or 1/2
15-1/2 23

Pontoscolex corethrurus

complex (L1, L2, L3,

L4)
Pontoscolex spiralis

No data 10. 11

7,8,9

No Yes

Non hooked A, B, C,D

Yes, 8-12 and

19-23

20-22

16-24

No data 10, 11

7,8,9

Yes

Yes

A

Hooked

Yes, 8, 9 and
19-22
No

20-22

16-24

P.sp. 1

10, 11

No data
Tubular

7,8,9
7,8,9
7,8,9

Yes Yes

Yes

Non hooked A, C

20-22 (intersegmental)

No data

Juveniles

P. sp. 2
P.sp. 3
P. sp. 4

10, 11

Yes

Non hooked None

No

Juveniles
13-23

10, 11

Oval parallel tubular
duct from side

Yes

Non hooked A, B,C,D No

Yes, 5, 6, 9 and
18-22AB

19-1/2 22
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reveals that P. sp. 3 is also present in India. Moreno (2004) emphasized
that a source of misidentification could be the use of the quincunx
formation of setae as diagnostic character for P. corethrurus. The quin-
cunx formation indeed exist in P. sp. 1, P. sp. 2 and P. sp. 3 as well.
Apart from P. spiralis, regular setae all over the body was also observed
for P. sp. 4 which was found in Manaus (Brazil). We assume that P. sp. 4
belongs to either Meroscolex or Pontoscolex subgenus.

Additional investigations (molecularly and morphologically) are
necessary in the future to disentangle the diversity within the genus
Pontoscolex. Ideally, these questions should be addressed through ge-
netic comparison with the actual type specimens of already named
species, a very challenging task since in most cases the type specimens
are lost, such as for P. corethrurus, or difficult to gain access to, and the
molecular analysis of tissues is also almost impossible because of DNA
preservation issues.

4.2. Single and multilocus methods revealed a complex of cryptic species in
P. corethrurus

In the phylogenetic trees, the P. corethrurus complex of cryptic
species was represented by a monophyletic clade composed of four
morphologically indistinguishable lineages (L1, L2, L3 and L4) sepa-
rated from the other species by P. spiralis. The haplotype network for
ITS2 which is a fast-evolving nuclear sequence where signal of hy-
bridization or mating with nonspecific relatives are often shown
(Vollmer and Palumbi, 2004), confirmed the differentiation of the four
lineages within the P. corethrurus complex (Fig. 4).

Single (ABGD/mPTP) and multilocus (BPP) delimitation methods
produced congruent results. Single locus delimitation methods were
often criticized, because when applied among closely related species,
these approaches may result in an over- or under-estimation of species
diversity (Meyer and Paulay, 2005; Roe et al., 2010; Roe and Sperling,
2007; Will and Rubinoff, 2004). Alternatively, multilocus analysis
constitutes a valuable source of information for species delimitation
because it lowers the risk of incorrect results based on single locus
datasets (Dupuis et al., 2012; Roe et al., 2010). Our multilocus analysis
with 4 genes was run with different values of the priors for the popu-
lation size (6s) and the divergence time at the root (t0) (Rannala, 2015)
as it has been shown that different parameters (particularly 6 priors)
give different results i.e., smaller values give higher probabilities for
species splits (Rannala, 2015). Our study confirms this prediction; as 0
prior was smaller, higher probability was observed for L2 and L3
(PP =1 compared to PP = 0.99). Other PP values for all the other
lineages in both analyses were the same (PP = 1).

We recognize that low levels of locus sampling (i.e., 4 locus) invite
criticisms that the data may not be adequate to address phylogenetic
questions. Therefore, we included the AHE method to evaluate the
validity of a result from lower sampling intensity. Here, we did not go
into details of lineage sorting or conflicts among gene trees, yet the
outcome of the AHE analysis was quite clear. Four genes results were
obtained by conventional sequencing, and at a lower cost per sample
than the AHE, but in spite of having about 1% as many sequence po-
sitions, produced similar results. We expected that recombination
among lineages would have led to incongruent multilocus topologies.
Our results suggested a lack or limited recombination among lineages
and that low effective population sizes and long evolutionary periods of
time, led to complete lineage sorting of multiple independent loci.
Overall, our results from both single locus and multilocus analyses
support the hypothesis that four cryptic species exist in this morphos-
pecies.

4.3. Phylogenetic placement of the topotypes and cryptic species distribution
The lineage L1 matched the topotype samples from Fritz Miiller’s

garden. Therefore, we suggest that this lineage corresponds to
Pontoscolex corethrurus sensu stricto. Additionally, L1 is the most
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Fig. 4. ITS2 marker haplotype network of the four main P. corethrurus lineages after phasing Color codes for lineages are the same as in Fig. 3. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

widespread lineage, being recorded in 100 out of a total of 116 sampled
sites. This suggests that most of the studies done on P. corethrurus were
most probably on this lineage and not on other species in the complex.

L4 corresponds to the cryptic species already found by Cunha et al.
(2014) for the Azores. We found this lineage in Taiwan, India and Brazil
as well. Cunha et al. (2014) revealed that this species has a remarkable
tolerance to hostile conditions (i.e., high soil temperature, high carbon
dioxide and low levels of oxygen and elevated metal bioavailability) as
it was found on Furnas volcano of the Azores. It is noteworthy that in
the other countries (Brazil, Taiwan and India), L4 was found in non-
hostile environments i.e., in gardens of National Taiwan University and
Embrapa in Brazil, and in grass area of village center/grass lawn in
front of a forest reserve in India. Further investigations to understand
the geographical distribution of L4 are necessary.

Sympatry of lineages was observed in seven of 116 localities. It
occurred in two sites in Mexico between lineages L1/L3, in four sites in
Brazil between L1/L3/L4, L1/L4, and two sites L1/L3, and in one site in
Taiwan between L1/L3/L4. Interestingly, in the latter population
(National Taiwan University, Taipei, Taiwan), COI heteroplasmy was
observed for three specimens, with all the heterozygous sites corre-
sponding either to the L3 haplotype or to the L4 haplotype. The ITS2
network also showed that haplotype 5 is shared between L3 and L4
specimens (i.e., in the sites of Mexico, India, Azores, Taiwan and Cuba)
(Fig. 4). This result suggests sexual reproduction for L3 and L4 and that
reproductive isolation is not yet complete between these lineages. The
observed heteroplasmy could be explained by paternal leakage (i.e.,
low-level paternal contribution of mtDNA to progeny) (Birky, 2001;
Kmiec et al., 2006). Sequencing lacks the sensitivity to show mtDNA
mutations that are present at low percentages (i.e., 0-20%) (Wong and
Boles, 2005) which could explain why heteroplasmy was not detected
with the 16S rDNA gene. The observed heteroplasmy cannot be due to
contamination, as we sequenced the specimens from re-extracted DNA
three times, even if true we would observe the heteroplasmy for 16s
rDNA as well. Further population genetics analyses are necessary to
investigate the reproductive isolation between L3 and L4 in the com-
plex and to test whether retention of genetic polymorphisms due to past
hybridizations could explain this phenomenon. Reproductive isolation
among these species, could also be tested by laboratory cross-breeding
experiments. These types of experimentations have already found the
evidence of reproductive isolation between Eisenia fetida and Eisenia
andrei (Dominguez et al., 2005), and between cryptic lineages of the
Hormogaster elisae (Marchén et al., 2017).
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5. Conclusion

We showed that the Pontoscolex corethrurus complex consists of at
least four cryptic species. Further, based on modern sampling from the
type locality for P. corethrurus, we suggest that L1 represents P. core-
thrurus sensu stricto. Morphologically cryptic diversity in P. corethrurus
could be problematic given its presumed wide distribution and common
use in soil studies, as different species may have different impacts on
and respond differently to the environment. It is possible that published
studies in the past may have dealt with species that were not necessarily
P. corethrurus sensu stricto (L1) but the risk is relatively low since L1 is
the most widespread species in the complex. We echo the advice of
Martinsson and Erséus (2017): it is important to define species
boundaries as objectively as possible, especially for taxa used as bio-
logical models. One key to objectivity, especially with the continuous
progress of our ability to delimit biological units, is to make results
reproducible by preserving voucher specimens, and by publically re-
leasing sequences (Wen et al., 2017).
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1V.1. Chapter’s foreword

Population genetics studies help us in determining the genetic variation within and among
populations, in native and invaded areas, while phylogeography allows determining the invasion
roads of a taxa. These issues were rarely addressed in earthworms. To date, phylogeography
studies were carried out on only two peregrine invasive earthworm species: Aporrectodea rosea
and Aporrectodea trapezoids. One of the most well-known peregrine earthworms, is Pontoscolex
corethrurus. Phylogeography of this species has never been studied but population genetics of this
species was investigated for the first time by Dupont et al. (2012). In Dupont et al. (2012) study,
samples from French Guiana i.e., in the original zone of genus Pontoscolex, were studied using
AFLP markers. Due to easy transportation and propagation of this species from different places
by humans, high genetic diversity in populations in close relations with urban areas were detected.
In the second chapter of my thesis, we showed that this morphospecies corresponds to a complex
of four cryptic species. Among them, we found that P. corethrurus sensu stricto (P. corethrurus
L1) was widely spread, showing high invasion capabilities. In the present chapter, we were first
interested to investigate whether the cryptic species in P. corethrurus complex have reached
reproductive isolation. Then, we focused on P. corethrurus L1 to investigate if a ‘super-clone’ has
invaded the world, and to compare the genetic variation between populations in native (Guayana
shield) and invaded regions of this species. Finally, we used population genetic analyses (e.g.,
gametic disequilibrium) to study the reproduction strategy of P. corethrurus L1. This chapter is
written in the form of a scientific article and will be submitted to the journal Diversity and
Distributions. This study was conducted through international collaborations from France
(Thibaud Decaéns), Brazil (George Brown and Luis Cunha), and Taiwan (Jiun-Hong Chen), on a
total of 299 AFLP profiles and 662 COI sequences obtained from specimens sampled in: Brazil,
Peru, French Guiana, Trinidad and Tobago, Mexico, St. Lucia, St. Vincent, Martinique, Azores,
Gabon, Madagascar, Thailand, Malaysia, Taiwan, Philippines, and Hawaii.
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V.2, Abstract

Aim: Pontoscolex corethrurus is the most invasive earthworm in (sub)tropical zone. This
parthenogenetic earthworm probably originated from the Guayana Shield. A recent phylogenetic
study revealed four cryptic species in P. corethrurus complex (L1, L2, L3 and L4) and L1 was
particularly widespread. Moreover, sympatry was observed in several populations. Our aims were
to study the genetic admixture between cryptic species in sympatry and to achieve a large scale
phylogeographical study for L1. Our tested hypothesis were that (i) a “super-clone” has invaded
the world, (ii) the clonal diversity is lower in the introduced range than in the native zone, and (iii)
L1 has a mixed reproductive strategy.

Location: Brazil, Peru, French Guiana, Trinidad and Tobago, Mexico, St. Lucia, St. Vincent,
Martinique, Azores, Gabon, Madagascar, Thailand, Malaysia, Taiwan, Philippines, Hawaii

Methods: In three populations where L1, L3 and L4 were detected, genetic admixture was
analyzed using 57 AFLP profiles. Analyses of genetic variation of L1 populations were done using
both nuclear (226 AFLP profiles) and mitochondrial (479 COI sequences) genetic information.

Results: No evidence of hybridization between species was obtained. A weak COI genetic
diversity was revealed for L1 with one major haplotype (H1) which was shared by 72% of the
specimens. Asexual reproduction was confirmed by the presence of clones in several populations
revealed by AFLPs. However, no clones were shared among populations. Absence of clones, high
gene diversities and weak values of gametic disequilibrium were observed in some populations.

Main conclusions: Long invasion history and multiple re-introductions of specimens from
different parts of the world may explain the similar level of genetic diversity in introduced and
native regions. The relatively high clonal diversity allowed to reject the ‘super-clone’ invasion
hypothesis. Since recombination was suggested by gametic equilibrium in some populations,
mixed reproduction strategy of P. corethrurus L1 is likely.
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1v.3. Introduction

Many species have been reported as having extremely widespread distributions. Among these
cosmopolitan species, earthworms are poorly represented with the exception of a few taxa
(Hendrix et al., 2008). Because of the limited dispersion ability of earthworms it is even striking
that out of 3000-3500 described species (Csuzdi, 2012), about 150 species are considered peregrine
(i.e., widely ranging, often owing to human actions; Blakemore, 2012). The proportion of
peregrines on total described species in temperate region is much higher than in tropical region
(i.e., tropical: 51 of an estimated several thousand species; temperate: 45 out of 500—600 estimated
species) (Hendrix et al., 2008). In addition to some advantageous traits such as high fecundity,
small size, resistant cocoons, wide and rapid dispersal, and feeding tolerance, some of these
peregrine species are known to have a parthenogenetic reproduction often accompanied by
polyploidy (reviewed in Fernandez et al., 2011). Two main features allow parthenogenetic species
to invade and occupy open habitats faster than sexually reproducing species ; (i) a double intrinsic
rate of natural increase of a population and (ii) the ability of one individual to establish a new
colony (Cuellar, 1977). Moreover, this mode of reproduction is generally impervious to inbreeding
depression and fit genotypes are not broken up by sexual recombination.

The elucidation of genetic structure patterns and variation within and among populations in
distant locations has the potential to provide insights into the geographic origin, migration
pathways and colonization history (e.g. single vs multiple introductions) of these species (Sakai et
al., 2001). For instance, molecular markers have proved to be powerful tools for inferring the
evolutionary history of the peregrine earthworm species Aporrectodea trapezoides (Fernandez et
al., 2011, 2016) which has Palearctic origin but a current worldwide distribution. Analyzing two
mitochondrial and two nuclear markers, Fernandez et al. (2011) revealed a relatively high clonal
diversity in this parthenogenetic species whereas one clone was shared by almost one third of the
sampled individuals and was widely distributed. Such “super-clones” are thought to be “general-
purpose genotypes” (Lynch, 1984) which show a broad ecological tolerance resulting from
interclonal selection in temporally variable environments (Vorburger et al., 2003).

One of the most well-known and widespread tropical peregrine earthworms is Pontoscolex
corethrurus (Taheri et al., 2018). This endogeic earthworm originates from Guayana Shield in
South America (Righi, 1984), and is tolerant to a wide range of biotic and abiotic environmental
conditions (Fragoso et al., 1999; Lavelle et al., 1987). It was described as parthenogenetic although
the possibility of sexual reproduction could not be ruled out (Gates 1973, Dupont et al. 2012).
Although, this morphospecies has been frequently used as biological model in various experiments
(reviewed in Taheri et al. 2018), only two studies were interested in its population genetics (Dupont
et al.,, 2012; Cunha et al., 2014). Dupont et al. (2012) investigated the genetic variability of P.
corethrurus in its native range using AFLPs (Amplified Fragment Length Polymorphism). Among
the six populations from French Guiana, a higher level of genetic diversity was found in
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populations originating from the most disturbed sites while a higher number of clones was
observed in the other populations. In Cunha et al. (2014), three populations from the Sao Miguel
Island in the Azores archipelago where P. corethrurus was introduced were studied using two
mitochondrial markers and AFLPs. Besides the discovery of two highly divergent genetic lineages,
they found a higher intra-lineage genetic diversity in the population of earthworms living in
pineapple greenhouses, most probably because of repeated introductions. A recent study by Taheri
et al. (in revision) using both phylogenetics and phylogenomics approaches confirmed the high
complexity of the genus Pontoscolex. This study showed that the commonly used species, P.
corethrurus, corresponds in reality to a complex of four distinct and cryptic species (defined as P.
corethrurus L1, L2, L3 and L4). P. corethrurus L1 was the most common of the complex in
different areas. Meanwhile this latter species was present in the location where this morphospecies
was first described by Fritz Miiller in 1857 (Miiller 1857). It was thus suggested that L1
corresponds to P. corethrurus sensu stricto. Moreover, different species in the complex were found
in sympatry in various locations and the question of hybridization between them was raised.

Here, our aim was to achieve a large scale phylogeographical study of this well-known
peregrine earthworm, investigating samples coming from its native and introduced range. First of
all, specimens were assigned to four cryptic species composing the complex using one
mitochondrial marker. Then, we tested whether AFLPs allowed to distinguish 3 of the cryptic
species that were found in sympatry, namely L1, L3 and L4. In a second time, the AFLPs were
used to investigate the genetic admixture between these three cryptic species in different
populations where they were found in sympatry in order to test the hybridization hypothesis. At
last, we choose to focus on the most widespread species of the complex that is considered as P.
corethrurus L1. The genetic variability and the genetic differentiation of the different L1
populations were studied in order to test the following hypothesis: (i) a “super-clone” has invaded
most of the introduced areas, (ii) the clonal diversity is lower in the introduced range than in the
native one because mutations did not have time to accumulate, and (ii1) this species has a mixed
reproductive strategy.

IV A. Methods

1V.4.1. DNA material and COI sequences

A total of 299 specimens belonging to the Pontoscolex corethrurus complex were collected
from six countries in tropical and subtropical zones (Table C 3 in Supplementary data). These
countries included: French Guiana which is situated in the Guayana shield (i.e., the putative native
zone of the morphospecies), Brazil, Mexico, Gabon, Taiwan, and Thailand. In each country, 1-8
sites were sampled. After collection, specimens were washed in distilled water, and conserved
individually in 100% ethanol. A piece of 20 mg of dorsal tegument was cut between the tail and
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the clitellum. DNA extraction was performed using the Nucleospin tissue kit (Macherey Nagel,
France). A total of 662 sequences of a fragment of the cytochrome oxidase I gene (COI) were
obtained from a previous study (Taheri et al., in revision).

1IV.4.1.1. COI sequences analyses

A phylogenetic tree based on 662 COI sequences was built (Figure C 6 in Supplementary data)
using the model HKY+G which was the best fitting evolutionary model selected with
MrModelTest (Nylander, 2016) using the Akaike Information Criterion. Two specimens of
Pontoscolex spiralis from Guadeloupe and Puerto Rico were chosen as outgroups (Genbank
accession numbers XXX'"). Maximum likelihood (ML) analysis was performed with PhyMl
online analysis (http://www.atgc-montpellier.fr/phyml/, Guindon et al., 2010). Clade support was
assessed using bootstrap with 1000 pseudoreplicates. Trees were then edited using FigTree v.
1.4.2. (Rambaut, 2014).

A total of 479 COI sequences from 49 locations were assigned to P. corethrurus L1. Among
them, 269 sequences from 12 populations were used for a population genetics analysis. For these
samples, number of polymorphic sites, number of haplotypes, haplotype (gene) diversity and
nucleotide diversity (Pi; Nei, 1987) were calculated using DnaSP v. 5 software (Librado & Rozas,
2009). A haplotype network was constructed based on derived haplotypes in Network v. 5.0.0.1,
using median joining calculations (Bandelt et al., 1999).

1V.4.2. AFLP procedure

AFLP analysis was carried out according to Vos et al. (1995) with few modifications:
approximately 50 ng/ul of purified genomic DNA of each specimen was digested with two
digestive enzymes. The first digestion was done in 10ul with Taql (20U, New England BioLabs,
Ipswich, MA, USA (NEB)), Buffer Taql (10X, NEB), BSA (1mg.ml-1, NEB) and incubated for
1h30 at 65°C by thermal cycler (T100TM, BIO-RAD Laboratories Inc., Foster city, CA, USA).
The second digestion of the DNA from the last step was done in 15ul with a solution of: EcoRI
(20U, NEB), Buffer EcoRI (10X, NEB), BSA (Img.ml-1, NEB) and incubated for 1h30 at 37°C.
We verified DNA digestion quality by gel electrophoresis and negative controls were run at each
time. Adapters were ligated using 50pmoles pl"! of double- stranded Taql adapter (Taq top 5°-
GACGATGAGTCCTGAC and Taq bottom 5’-CGGTCAGGACTCAT, Eurofins Genomics,
Germany) and Spmoles pl-1 of double-stranded EcoRI adapter (Eco top 5’-
CTCGTAGACTGCGTACC-3’ and Eco bottom 5’-AATTGGTACGCAGTCTAC-3’, Eurofins

15 Sequences are deposited on GenBank, currently waiting for accession numbers.
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Genomics, Germany), T4 DNA ligase buffer (10X, Promega, Madison, WI, USA), ATP (10mM,
NEB), BSA (1mg.ml-1, NEB), T4 DNA ligase (3U, Promega). Samples with a total volume of
50ul (prepared solution + digested DNA from previous step + adjusted water) was then incubated
for 3h at 37°C. Digestion-ligation production of 20ul was diluted with 40pul of AE buffer (QIAGEN
Sciences, Maryland, USA). Then each dilution was divided in 3 separate samples of 15ul each.
Pre-selective PCRs contained Spmoles of EO1 primer (GACTGCGTACCAATTCA) and Spmoles
of TOl primer (GATGAGTCCTGACCGAA), MgCl2 (25mM, Promega), dNTPs (10mM,
InvitrigenTM, Life technologies, Carlsbad, CA, USA), GoTaq buffer (5X, Promega), DNA Taq
polymerase (5U, Promega), adjusted with water to have a total volume of 50ul in each sample
(added to diluted ligation product). The PCR pre-selective was done by an initial denaturation step
at 94°C for 2min, followed by annealing setup of 30 cycles containing; 94°C for 30s, 56°C for 1
min and 72°C for 60s, and finally elongation setup of 72°C for 10 minutes. After this setup, the
three sub samples were reassembled in one, and then 1pl of each sample was diluted in 19l of AE
buffer (QIAGEN). Selective PCR reactions contained Sul of pre-amplified DNA with 15ul of a
solution containing MgCI2 (25mM, Promega), dNTPs (10mM, Invitrigen), GoTaq buffer (5X,
Promega), Spmoles.ul-1 T32 primer (5’-GATGAGTCCTGACCGAAAC-3’) or Spmoles.ul-1 T38
primer (5’-GATGAGTCCTGACCGAAACT-3’), DNA Taq polymerase (5U, Promega) and one
primer combination E32-FAM was used (5’-GACTGCGTACCAATTCAA-3’). A touchdown
thermal cycling (PTC-100) started with denaturing setup of 94°C for 2 min, following by 9 cycles;
94°C for 30s, 65°C for 30s with 1°C diminution per cycle, 72°C for 60s, following by 26 cycles
containing 94°C for 30s, 56°C and 72°C during 1min and finally 72°C for 10 minutes. After each
setup DNA solutions were centrifuged by ROTANTA 460R (Hettich Lab Technology, Tuttlingen,
Germany). Amplified products were mixed with formamide (Hi_ DiTM, Applied Biosystems,
Foster city, CA, USA (AB)) and a Genescan™-500LIZ™ (AB) size standard (9.5ul of formamide
and 0.5 ul of GenescanTM-500LIZ™ for 2l of amplified product). Fragments were separated on
a ABI PRISM™ 3130 Genetic Analyzer (platform INSERM, Henri Mondor hospital, Créteil).
Raw data were visualized and the fragments manually scored using Genemapper V5 (Applied
Biosystem) software. Processed data were exported as presence/absence matrix.

1IV.4.2.1. Reproducibility of AFLP profiles

Genetic markers, including AFLPs, can be prone to genotyping errors with various potential
sources (Bonin et al., 2004). Therefore, we estimated the genotyping error rate of our dataset by
re-genotyping and blind scoring of 54 randomly chosen individuals (25% of the samples) within
P. corethrurus L1 from 15 locations (i.e., Bahia cacao, Bahia pasture, Belem, Caxiuana, Joinville,
Orléans, Sao Paolo, Cayenne, Mancha, Tlalcotlen, Mitaraka, Pararé¢ A, PararéB, Taiwan National
University, and Chachoengsao). The error rate was calculated by mismatch error rate based on the
formula proposed by Bonin et al. (2004), multiplied by the total number of markers (i.e., 394).
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1V.4.2.2. AFLP analyses of cryptic lineages

The Structure software (Pritchard et al., 2000) was used to assign the individuals for which
COI sequences was not available to the L1, L3 and L4 cryptic species of the P. corethrurus
complex. For that, a ‘reference’ data set was built, composed of 113 AFLP profiles from L1, L3
and L4 individuals of known COI sequences. We first checked if AFLP data allowed to distinguish
the lineages within the complex using the Structure software by modelling cluster assignments for
K = 1-5 clusters using non-admixture model. We made 5 independent runs for each K to confirm
consistency across runs in all simulations. In a second time, we used the ‘reference’ data to assign
54 AFLP profiles from individuals for which COI sequences were not available, to the cryptic
species of the P. corethrurus complex. The used model was non-admixture, and K was set between
1 to 5, with 5 independent runs per K.

In three populations (MNH, TLC and NTU) coexistence of cryptic species was found,
Structure was run to find potential hybrids among them. The model selected was admixture, and
K was set between 1 to 5 with 15 independent runs per K. For each analysis, we performed a burn-
in period of 10000 iterations and 100000 Markov chain Monte Carlo iterations.

After each analysis, to determine the most likely value of K, we used the AK method of Evanno
et al. (2005) implemented in Structure Harvester (Earl & vonHoldt, 2012). Results from different
replicate runs were combined into one output using Clumpp software v. 1.1.2 (Jakobsson &
Rosenberg, 2009). Results visualization were done by Distruct (Rosenberg, 2007).

We also analyzed possible hybridization occurrence within MNH, TLC and NTU populations
with the program NewHybrids (Anderson & Thompson, 2002; Anderson, 2008) based on
statistical model-based Bayesian methods. The software considers six genotype categories: pure
species A, pure species B, F1 hybrid, F2 hybrid, and the F1 backcross to pure species A or pure
species B, with the results of estimated posterior probability to assign each individual to one of the
six genotypic classes. We assigned each individual to the most likely (probability>0.50)
NewHybrids genotypic class. Given the large number of polymorphic loci (308) a burn-in period
of 75,000 repetitions was defined, and 100,000 MCMC iterations, with no previous population
information, and ‘Jeffery's like priors’ were considered.

1V.4.3. Population genetics of P. corethrurus L1

A total of 226 AFLP profiles corresponding to 12 populations from 5 countries (Brazil, French
Guiana, Mexico, Gabon and Thailand) were used to investigate the genetic variation within and
between populations of P. corethrurus L1. Genetic diversity statistics, including number of
different haplotypes by considering the ‘error rate’ calculated from replicates, genotype diversity,
gene diversity, proportion of variable markers and the frequency down-weighed marker value
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(DW) (Schonswetter & Tribsch, 2005) were calculated using AFLPdat program in RStudio
(RStudioTeam, 2015). Genotype and gene diversity were calculated based on Nei’s formula (Nei,
1987). Similar haplotypes within locations were removed and further analyses on P. corethrurus
L1 were carried out on a dataset without clones.

In order to evaluate the evidence for recombination, measures of multilocus gametic
disequilibrium were calculated and tested for significance with 500 randomizations in Multilocus
software (http://www.bio.ic.ac.uk/evolve/software/multilocus/), using 3 different methods. Since

in a pair of binary character data, the presence of all four possible combinations of characters (0/0,
1/0, 0/1, 1/1) indicate incompatibility which is more parsimoniously explained by sexual
recombination than by three mutation events, the proportion of compatible pairs of loci was
computed to probe the predominant mating system in the populations. Moreover, the index of
association (Ia) and an alternative measure of index of association that is less sensitive to the
number of loci (74, Agapow & Burt, 2001) were computed. We further tested for gametic
disequilibrium based on the distribution of allelic mismatches between pairs of genotypes over all
loci using an exact test implemented in Arlequin. To adjust for multiple comparisons, the SGoF
method (Carvajal-Rodriguez et al., 2009) as implemented in the software Myriad
(http://myriads.webs.uvigo.es/MyriadsReadme.htm) was applied.

We identified loci with greatly increased differentiation between populations using a genomic
scan approach. These Fs outlier may be interpreted as signature of (i) divergent selection (ii)
intrinsic (i.e. environment independent) pre- or post-zygotic genetic incompatibilities (Bierne et
al., 2011) or (iii) differential introgression from a sister species (Gosset & Bierne, 2013). Tests for
Fst outliers were carried out using Bayescan 2.01 (Foll et al., 2010), running with 100,000
iterations (sample size 5000 * thinning interval 10 + 50000 burn-in), after 20 pilot runs (5000
iterations each), and selecting outliers at a threshold of prior odds (PO) >10, as suggested by the
manual for datasets with hundreds of loci. Further analyses of genetic structure were carried out
on two datasets: the original dataset and the dataset without outlier loci.

We quantified the amount of genetic differentiation of population groups using a hierarchical
Analysis of Molecular Variance (AMOVA) implemented in Arlequin V3.5 (Excoffier & Lischer,
2010). In this analysis, the AFLP data set was partitioned at three levels: groups of native versus
introduced populations, among-populations within groups and among all populations. One
thousand random permutations were used to infer the significance of the variance components. In
addition, an unbiased estimate of differentiation among populations, 0¥ was obtained using the
Bayesian method proposed by Holsinger et al. (2002) and implemented in the software Hickory
v1.1. The data were run with the default parameters using the f-free model.

To illustrate the relationships among populations, split networks were constructed using the
software Splitstree version 4.1.4.6 (Huson & Bryant, 2006) on AFLP profiles. We used the
distance-based Neighbor-Net (N-net) method for construction of networks. The N-net provides
good visualization of the data when it presents complex evolutionary steps or reticulate
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relationship among genotypes (Huson & Bryant, 2006). The networks were constructed based on
Nei’s distance (GD) matrix between populations calculated with a Bayesian method using AFLP-
Surv version 1.0 (Vekemans et al., 2002) with non-uniform distribution by assuming deviation
from Hardy-Weinberg equilibrium; Fis values were estimated by Hickory software using the full
model (Holsinger et al., 2002). Analyses were done with 1000 permutations and 1000 bootstrap
values.

1V.4.4. Principal stages of the analyses

A workflow of principal stages of the analyses is presented in Figure C 1: first, assignment of
AFLP sequences in P. corethrurus complex to already known COI lineages (L1, L3 and L4);,
second, potential hybridizations of species in P. corethrurus complex (L1, L3, and L4) for three
populations in sympatry based on AFLP profiles; finally, the phylogeography and population
genetics study of P. corethrurus L1 populations based on 479 COI sequences and 226 AFLP
profiles.

102



/
Assignment to known
cryptic species

299 AFLP profiles for Pontoscolex

corethrurus complex of species (L1, L3,

and L4)

662 available COI 54 AFLP profiles assignment
sequences = ML by Bayesian method >
tree Structure

|

Genetic admixture between cryptic
species in P. corethrurus complex,
in three populations (57 AFLP
profiles) > NewHybrids. Structure

s

Phylogeography and population
genetics of Pontoscolex corethrurus
L1

/ S

479 COI sequences from 49 226 AFLP profiles from
locations in 16 countries 12 locations in 5
countries

N e

-Clonal diversity > AFLPdat

-Genetic differentiation among populations = Arlequin,

Hickory, Splitstree
-Outlier loci = Bayescan
-Gametic desiquilibrium = Multilocus. Arlequin

Figure C 1: Workflow diagram for the analyses in this study. Three principal stages are shown in this diagram. In each stage the name of the software used is

indicated.
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IV.5. Results

1V.5.1. Genetic relationships among cryptic lineages

Phylogenetic analysis using the COI gene revealed that individuals from the 12 studied
populations corresponded to lineages L1, L3 and L4. Within the reference dataset, Structure
analysis of AFLP data supported the presence of only two clusters (AK= 2.36). One cluster
corresponded to all L3 samples (cluster red in Figure C 2) while the other cluster corresponded to
all L1 samples and to L4 samples (cluster green in Figure C 2). Because of small number of
individuals in L4 (i.e., 4 from NTU), this lineage was not recognized as a separate cluster. Further,
we assigned the AFLP profiles for which we didn’t have mitochondrial sequences, to these
clusters: 53 out of 54 samples were assigned to the cluster corresponding to L1/L4 and 1 sample
was assigned to the cluster corresponding to L3. Because L4 samples were extremely rare and only
observed in one population (NTU), we assumed that all specimens assigned to the cluster in green
in Figure C 2 belonged to the L1 lineage.
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Figure C 2: Structure results on AFLP profiles: A) unknown individuals assignation based on 'reference' data in Taheri et. al. (in revision), colors are selected
based on the previous study; Lineage 1 green and L3 red, B) mixture model results for three populations where sympatry of cryptic species were found; MNH,
NTU and TLC.
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1V.5.2. Reproductive isolation among cryptic species P. corethrurus LI and L3

Sympatry of cryptic species was observed in three locations: two sites in Mexico, MNH
with 4 individuals in L1 and 4 individuals in L3, TLC with 9 individuals in L1 and 4 individuals
in L3, and one site in Taiwan NTU with 2 individuals in L1, 30 individuals in L3 and 4
individuals in L4. In these three populations, none of the individuals were diagnosed as hybrids
between L1 and L3 species by Structure. The four admixed individuals that can be observed in
Figure C 2 corresponded to L4 individuals. NewHybrids analysis confirmed the absence of first
generation hybrids within these three populations. The four individuals of L4 were presented
as backcrosses of F1 and L1 (results of this analysis are not shown).

1V.5.3. Phylogeography of P. corethrurus L1 species based on COI sequences

An extensive global dataset of COI sequences obtained in L1 specimens was used to assess
the distribution of mitochondrial genetic diversity among populations. Thirteen COI haplotypes
were inferred from 479 sequences within 49 locations. COI haplotype network is shown in
Figure C 3. Haplotype one (H1) was shared by the majority of individuals i.e., 364 out of 479,
followed by haplotype two (H2) with 64 individuals. Five haplotypes (i.e., H3, H7, H8, H9,
H10) were exclusively found in the native range (i.e., French Guiana). Six other haplotypes
(i.e., H4, H5, H6, H11, H12, H13) were found outside this zone and in a worldwide scale i.e.,
in Brazil, Peru, Thailand, and Martinique. The highest number of polymorphic sites (11 and 10
respectively) and the highest haplotype diversity (0.696 and 0.561 respectively) were observed
in CAX and MIT. MIT and CAY had the highest nucleotide diversity (00673 and 0.00503,
respectively). In 5 populations (PARA, PARB, PARC, ORL and LOP), no polymorphic sites
were observed.
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Figure C 3: P. corethrurus L1 COI haplotype network based on 479 sequences in 49 locations, throughout the tropical zone. 72% of specimens have the same haplotype
(H1). Twelve populations for which population genetic analyses based on COI and AFLP profiles are done, are indicated with abbreviations under the related haplotypes.
The intensity of each haplotype is related to the number of individuals within a location. Each line represents one mutation among haplotypes, unless they are indicated.
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1V.5.4. Genetic variation of populations in P. corethrurus L1 species based on AFLP
profiles

High number of clones were found for LOP location in Gabon with 17 similar haplotypes
out of 20 individuals, followed by CHG location in Thailand with 10 similar haplotypes out of
35 sequences (Table C 1). In five populations, no clones were found i.e., CAY, PARC, BEL,
JNL, and TLC. Despite low number of clones for ORL, PARA and PARB (3 out of 24, 3 out
of 19 and 1 out of 8 sequences), gene diversity values were relatively low; 0.083, 0.052, 0.087,
respectively. The highest gene diversity was found in JNL and CAY i.e., 0.168 and 0.165
respectively, where no clones were found. Frequency down-weighed marker value (DW) shows
the rarity of each marker within the dataset. Therefore, CAY, MIT, CAX and LOP had the
highest rates of rare alleles in comparison with other populations with 1804, 830.653, 708.9 and
692.7, respectively. LOP with the highest number of clones and the lowest gene diversity, had
a high DW value, meaning that the AFLP haplotypes within this population are highly different
to the other haplotypes of the total dataset. The smallest DW values were found in JNL and
PARA with 354.068 and 362.161 values respectively.

Further analyses were done on data set without clones, reducing the dataset from 226
profiles to 185. Each population showed significant gametic disequilibrium and character
compatibility except LOP where the sample size and diversity were extremely low (4 different
haplotypes 2% of variable markers). All indices were congruent (Table C 1). The highest values
of gametic disequilibrium were observed in TLC (Mexico) and the lowest in JNL, suggesting a
higher rate of recombination in the later.

108



Table C 1: Overall genetic variability in 12 locations through 5 countries for P. corethrurus L1, based on AFLP markers and COI gene. Studied parameters situated above NoG
(number of genotypes) are done based on datasets with clones i.e. for % VM (proportion of variable markers), polymorphic sites, and DW, while for parameters downward NoG,
clones are removed from the dataset i.e. for genotype and gene diversities. For PCLP (Proportion of compatible locus pairs), 14, and 7q significant values (P<0,002) are shown
in bold.

Marker Countries French Guiana'® Brazil Mexico | Gabon | Thailand
Sites CAY | MIT | PARA | PARB | PARC | BEL | CAX | JNL | ORL | TLC | LOP | CHG
N 17 20 19 8 13 21 18 2 24 9 20 35
VM%7 52084 | 31.472 | 21.574 | 22.335 | 46.701 | 41.878 | 48.223 | 51.523 | 22.589 | 28.173 | 2.030 | 34.518
DW (from means)'® | 1804 |830.653 |362.161 | 406.032 |516.553 | 570.668| 708.9 |354.068|426.114|467.167| 692.7 | 471.039
NoG" 17 17 16 7 13 21 14 2 21 9 3 25
AFLP | Genotype diversity 1 0.979 | 0.965 | 0.964 | ! 0.935 | 0.978 | 0416 | 0.973
(08 | Gene diversity 0.165 | 0.112 | 0.052 | 0.087 | 0.163 | 0.132 | 0.138 | 0.168 | 0.083 | 0.113 | 0.012 | 0.110
markers) ‘o p 091 | 097 | 099 | 1.00 | 094 | 093 | 096 | 0.88 | 098 | 099 | 1.00 | 0.96
I 678 | 682 | 1191 | 1851 | 2.54 | 12.77 | 22.34 | 223 | 1337 | 4252 | 129 | 11.98
r 003 | 006 | 015 | 021 | 001 | 008 | 012 | 0.01 | 016 | 039 | 021 | 0.09
LD (%) 866 | 1478 | 832 | 967 | 849 | 19.84 | 16.04 | 406 | 3417 | 19.64 | 0.00 | 20.12
N 12 63 16 16 15 15 12 17 13 9 20 61
NPS?! 6 10 0 0 0 6 1 5 0 6 0 1
C%Ip(333 Number of haplotype 2 4 1 1 1 2 4 2 1 2 1 2
Haplotype diversity | 0.53 | 0.696 0 0 0 0.133 | 0561 | 0.221 0 0.5 0 0.377
P, (per site)” 0.00503 | 0.00673| 0 0 0 ]0.00126]0.0042610.00174| 0 |0.00474| 0 | 0.0006

16 French Guiana is the only country in this study which is located in the Guayana shield; the origin of genus Pontoscolex
17 Variable markers

18 Frequency-down-weighted marker values

19 Number of genotypes

20 Proportion of compatible locus pairs

2 Number of polymorphic sites

22 Nucleotide diversity
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The AFLP data set was used in a global analysis for outlier detection. The PO threshold set
was 10 in Bayescan analysis which identified 33 markers as outliers, out of 308 polymorphic
markers (Figure C 4). All analysis of population differentiation was carried out with and without

outliers.
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Figure C 4: Bayescan results done on AFLP profiles. Fsr is plotted against the log10 of the posterior odds (PO).
The vertical line shows the critical PO used for identifying outlier markers. The 33 markers (out of 394) on the
right side of the vertical line are candidates for being under selection for P. corethrurus L1 specimens.

The genetic differentiation ®st measured by AMOVA analysis was 0.401 (0.352 without
outliers); 60 % of the variation was partitioned within populations, 33 % was attributed to
differences among populations within groups, and 7 % of the variation was due to differences
between native and introduced (65%, 30%, 5% respectively without outliers). All three
hierarchical levels were significant with P<0.002 and P<0.001, with and without outliers,
respectively (Table C 2). A similar level of genetic differentiation was obtained using the f-free
model with Hickory software: 0!V = 0.342 and 0.295 for dataset with and without outliers
respectively.
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Table C 2: Analysis of molecular variance (AMOVA) of 308 AFLP loci for 5 natives and 7 introduced populations of P. corethrurus L1. Between parenthesis values for
analysis without outliers.

Variance components % of total variation P-value @ statistics
Among groups (native versus introduced) 2.84 (1.61) 7.16 (5.13) 0.000 (0.000) ®cr=0.072 (0.051)
Among populations within groups 13.06 (9.45) 32.91 (30.10) 0.000 (0.000) Dsc=0.354 (0.317)
Among all populations 23.78 (20.34) 59.93 (64.77) 0.001 (0.002) ®st=0.401 (0.352)

Relationships between populations are illustrated by the Neighbor-Net results which are shown in Figure C 5. Figure C 5 (A) correspond to N-
net without outliers, where less reticulates are shown than in Figure C 5 (B) which is with outliers. Based on both results, LOP (Africa) and CAY
(French Guiana) are the most differentiated to each other and to the other locations while the sample from Asia (CHG) is genetically closed to the
populations from South America.
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Figure C 5: Neighbor-Net networks done on AFLP profiles with Splitstree based on Nei’s genetic distance matrix
for 12 populations in P. corethrurus L1 : A) network done with 394 markers, B) network done without the 33
outliers found by Bayescan software.

1V.6. Discussion

The P. corethrurus complex of species is known to be composed of at least 4 cryptic species
(Taheri et al. in revision) and 3 of them (L1, L3 and L4) were found in sympatry in 3 populations
(MNH, TLC, and NTU) in the introduced range. Previous results of COI heteroplasmy
suggested that reproductive isolation was not complete between L3 and L4 (Taheri et al. in
revision). This could not be tested here because of a very low number of L4 specimens (4
individuals within the NTU population); hence distinction between L1 and L4 was not possible
using AFLPs markers. Instead, we investigated whether L1 was reproductively isolated to L3.
Based on Structure and NewHybrids results, reproductive isolation among P. corethrurus L1
and L3 species was established within the 3 populations where these species were found in
sympatry. Moreover, we evaluated the possibility that differential introgression of alleles from
sister-hybridizing species would results in strong differentiation among L1 populations at F
outlier loci (Gosset & Bierne, 2013). Although Bayescan analysis found 33 Fi outliers out of
308 polymorphic AFLP markers, the different analyses of genetic structure gave similar results
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when carried out with and without the Fy outliers; allowing to exclude the hypothesis of strong
genetic differentiation due to introgression in P. corethrurus L1. Altogether, our results confirm
that L1 and L3 correspond to independent biological species.

Interestingly, in P. corethrurus different lineages show different distribution patterns,
which is not uncommon pattern in peregrine species, and that may be associated with different
ability to respond to environmental constraints (Novo et al., 2015; Schult et al., 2016). The
plasticity among lineages shows its extreme by the L4, for which a healthy population was
found living inside a geothermal field (Cunha et al., 2014), under an extreme geogenic stress
(high temperature and low oxygen levels). In contrast L2 has been solely found in French
Guiana in a well-defined geographic area (Taheri et al., in revision).

In the rest of the study, we focused on P. corethrurus L1 which is the most widespread
species within the P. corethrurus complex. Samples collected all around the world from a total
of 49 localities were used for a phylogeographical study of COI haplotypes. Overall, an
extremely low COI haplotype diversity was observed with a total of 13 haplotypes in the whole
data set, in comparison with other earthworm species. For instance, for Dendrobaena octaedra,
24 COI haplotypes were found through three locations in Southern Finland (Knott & Haimi,
2010). Two haplotypes were extremely well represented all over the world: H1 (72 % of the
sequences) and H2 (13% of the sequences; Figure C 3). None of these haplotypes were present
in only one locality: the samples from RGS, with H5 and H11. Despite the very extensive
geographical range of P. corethrurus in the tropical and sub-tropical zone, and the limited
potential for natural dispersal of earthworms (Costa et al., 2013), our sampling of four
continents did not reveal very divergent mitochondrial haplotypes. In this study, three major
haplotypes were found; H1, H2 and H3. H1 was only separated from H2 by four mutations and
six mutations from H3. Similar results were found for the parthenogenetic earthworm
Dendrobaena octaedra: based on COI network haplotype, four main haplotypes existed for this
species; H1, H3, H18 and H21, respectively (Knott & Haimi, 2010). H1 was separated from
H18 by two mutations and one mutation from H3 and H21. Several factors may be suggested
to explain the lack of haplotype diversity: a slow evolutionary rate of the cytochrome oxidase I
gene, a recent origin of the species, a selective sweep, or genetic drift associated with historical
events, such as a recent global population bottleneck (Lopez-Legentil & Turon, 2007), in
addition to the reproductive mode of the species.

Interestingly, the analysis of 308 polymorphic AFLP markers revealed a low genetic
diversity in most of the populations. In particular, gene diversity was extremely low (< 0.100)
in LOP, PARA, ORL and PARB populations (Table C 1). The congruence between AFLPs and
mitochondrial data suggests that the low genetic diversity of this species is not due to a marker-
specific effect but to either life-history traits or population and species history. Two main
explanations for the low level genetic diversity P. corethrurus L1 would be the occurrence of
recent population bottlenecks and asexual reproduction.

The low genetic diversity was linked to a significant number of similar genotypes (i.e.,
clones) in several populations. For instance, in LOP populations only 15% of the AFLP
haplotypes were different (84% in PARA, 88% in ORL and PARB). The important number of
clones highlight the prominence of the parthenogenesis reproduction in several populations.
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This is also confirmed by the high levels of gametic disequilibrium (Table C 1) that were
observed in several populations such as TLC (Ia = 42.52; 74 = 0.39), CAX (Ia= 22.34; 7q =
0.12), PARB (Ia=18.51; ¥4=0.21) and ORL (Ia= 13.37; 4= 0.16). It is however worth noting
that no AFLP genotype was shared among populations, an observation allowing to reject the
hypothesis that a “super-clone” was responsible of the success of P. corethrurus invasion.

Moreover, the levels of COI and AFLPs genetic diversity were variable among populations.
In French Guiana, three populations showed only the H1 haplotype (PARA, PARB and PARC)
while higher haplotype diversity was observed in the two other populations from the native
range. In CAY, H1 and H2 were found and in MIT, 3 other haplotypes, in addition to H1 were
detected. This is confirmed with the AFLPs. For instance, gene diversity was two times higher
in CAY population per comparison with PARA and PARB. A similar situation was observed
in the introduced range of the species: some populations showed high genetic diversity indices,
such as CAX in Brazil whereas in ORL (another Brazilian population) and in LOP (Gabon),
the COI gene was monomorphic (only H1). These results suggest that successive introduction
from multiple sources has enhanced genetic diversity in certain introduced localities that could
be occurring since humans arrived and dispersed in Amazonia (Cunha et al., 2016). An
alternative explanation would be that relatively high genetic diversity has accumulated through
mutation events in some populations that have been founded long time ago. At last, high genetic
diversity could also be due to sexual reproduction.

In JNL and PARC populations, low values of gametic disequilibrium estimators (e.g. Ia
= 2.23; 7q = 0.01 and Ir = 2.54; 7q = 0.01 respectively, Table C 1) and absence of clones
suggested sexual reproduction within these populations. Altogether, these results suggest that
where individuals have recently invaded an area, the reproduction strategy is parthenogenesis.
This mode of reproduction is considered as particularly advantageous for an invading species.
Once the species is established in the introduced area, sexual reproduction may then occur.
Such a mixed-reproduction strategy helps the maintenance of genetic diversity within this
species, and helps the foundation of new invasive populations in other parts of the world.

1V.7. Conclusion

Through this study we have highlighted the importance of using nuclear genome analysis
alongside mitochondrial genes for phylogeography and population genetics studies. With COI
gene, an invasion of a ‘super-clone’ could be concluded, while the absence of shared AFLP
profiles among populations, rejected this hypothesis. Results confirmed that P. corethrurus L1
was reproductively isolated from P. corethrurus 1L3. Meanwhile, the plastic reproduction
strategy, in P. corethrurus, shifting from sexual to asexual mode, explains the success of this
species and the existence of exceptionally fit genomes supported by higher reproductive rates
(with no clonal population senescence after many generations), elegantly defining a mode of
escape to Muller’s ratchet (Muller, 1932). Parthenogenesis of P. corethrurus L1 enables a quick
replacement of losses and make the specimens efficient colonizers when compared with species
with obligatory sexual reproduction strategies.
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Figure C 6: Maximum-Likelihood tree based on HKY+G substitution model, with 662 COI sequences of P. corethrurus complex specimens.
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Table C 3: Information on samples used in this study.

Biogeographi Country or Site Nb of Nb of GPS GPS Date of Sampled by Macro Micro AFLP COI (P.
¢ realm Island individu Sites information information sampling habitat habitat (comple | corethrurus
als X) L1)
Ethiopian Gabon La Lopé 20 1 0°6'47,90" S 11°36'11,4"E na T. Decaens Garden soil 20 20
Ethiopian Madagascar Black soil in 20 1 18°46'51,33" S 47°32'8,631"E na E. Blanchard na na 0 15
Mada-Lazaina
Neotropical Brazil Amapa 9 12 na na na G. Brown, S. na na 0 2
James
Bahia (pasture) 15 15°1522.9" S 39°05'50.4" W 09/11/2014 M. Bartz na na 5 13
Bahia (cacao) 4 15°08'08.1" S 39°18'39.5" W 10/11/2014 M. Bartz, G. na na 2 3
Brown
Belém 14 1°27'04,34" S 48°26'39,7" W 04/05/2011 T. Decaens na na 21 15
Caxiuana 14 1°44'15,70" S 51°27'19,05" W | 30/04/2011 T. Decaens na na 18 12
Embrapa 9 25°18.777'S 49°09.472' W 23/10/2015 S. Taheri, L. Garden, grass | soil 0 5
Cunha, E.
Silva
Joinville 17 26°13'11,89" S 48°51'19,43"W | na na na na 22 17
Muller's garden 3 26°45.61'S 49° 02.65'W 12/11/2015 G. Brown, S. Garden, grass | soil 0 1
Taheri,, M.
Bartz
Orléans 16 28°22'49,8" S 49°14'53,2" W 2012 M. Bartz na na 24 13
Rio Grande do 10 29°47'38.7" S 51°0927.1"W 31/07/2014 S. James, G. Deciduous na 2 9
Sul (deciduous Brown, M. forest
forest) Bartz
Sao Paolo (Alto 8 na na 12/03/2005 G. Brown, S. Primary litters+so 0 1
da Serra) James forest il
Sao Paolo 23 23°51'01.31" S 49°08'15.7" W 05/02/2009 G. Brown, D. Semi- na 1 15
(Parque estadual Baretta, S. Deciduous
Itaberd) James Forest
Neotropical French Guiana Cayenne 14 9 04°52.81'N 052°20.115' W Jan. 2010 T.Decaens, E. Garden Soil 17 12
Lapied
Itoupé7 12 3°1'57,526"N 53°6'20,07"W Jan. 2016 T. Decaens Primary Decaying 0 9
rainforst log
(477m
elevation)
Mitaraka 64 2°14.316'N 54°26.086'W March 2015 T.Decaens, E. Rocky Soil 20 64
Lapied savannah
(401m
elevation)
Nouragues 66 4°05.154'N 52°40.483'W Jan. 2011 T.Decaens, E. Garden and Soil 0 66
Lapied drop zone
Pararé A 16 4°0225.2"N 52°40'29.5"W June 2011 T.Decaens, E. Lowland Soil 19 16
Lapied rainforest
(62m
elevation)
Pararé B, Campl 26 4°02'19,3" N 52°4022,9" W June 2011 T.Decaens, E. Garden and Soil 8 16
and II Lapied drop zone
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Pararé C 21 4°02'06.0" N 52°4023.00" W | June 2011 T.Decaens, E. Lowland Soil 13 15
Lapied rainforest
(50m
elevation)
Paracou 3 4°2'16.08"N 52°40'20.28"W June 2013 T.Decaens, E. Garden Soil 0 1
Lapied
Tirinité 5 13 4°2'16.08"N 52°4020.28"W April 2016 T.Decaens, E. Lowland Decaying 0 10
Lapied rainforest log
(121m
elevation)
Neotropical Mexico Hayas 15 19°45'.730"N 96°35'.778"W na na na na 15 0
Mancha 11 19°35".624"N 96°22'.881"W na na na na 8 3
Tlalcotlen 13 19°4227" N 96°96'36"W na na na na 13 9
Peru Y29C 15 5°53"13.1"S 76°11'23.5"W | na P. Lavelle (pasture na 0 19
land)
Neotropical St. Lucia na 2 13°53'23" N 61°00' 16" W 27/09/1994 S. James Anse la Raye | na 0 1
parois, tete
chemain
Millet, Forest
reserve
Neotropical St. Vincent Soufrieve 2 13°19'34"N 61°10' 21" W 25/09/1994 S. James Pontoscolex na 0 1
volcano corethrurus
were found in
a lower part
of volcano
Neotropical Trinidad & Trinity hills 1 10° 10'N 61°02'W 17/09/1991 S. James Trinity Hills, na 0 1
Tobago Pontoscolex
corethrurus
everywhere.
Neotropical Martinique Schoelcher, 12 14°40.748' N 61°06.380' W Oct.2017 M. Coulis Primary soil 0 15
plateau concorde forest, 582 m
Oceanic Hawai Honolulu 7 na na 01/05/2015 S. James na na 0 1
Oriental Malaysia Air putih, 3 3°50'N 103°194'E 21/05/2011 na na na 0 1
Pahang
Oriental Philippines Mt. Pugalungan 11 7°50'N 124° 56' E na na secondary na 0 1
forest
Tawi Tawi 10 5°02'N 119°44'E na na secondary na 0 1
Island forest
Mt. Butig 2 7°41'N 124° 18'E na na secondary na 0 1
forest
Mt. Katalung 3 7°58.8'N 124°46' E na na secondary na 0 1
forest
Mt. Kimangkil 3 na na na na secondary na 0 1
forest
PTAG 2 na na na na secondary na 0 1
forest
Mt. Apo 5 7°00'N 125° 16'E na na secondary na 0 2
forest
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Mt. Parker 9 6°55'N 124° 52'E na na secondary na 0 1
forest
Oriental Taiwan National Taiwan 37 1 25°00'52.4N 121°32'19.2'E na na na na 36 2
university
Oriental Thailand Pops 61 4 13°35'18.95" N 101°28'13.37"E | November T.Decaens Hevea Soil 35 61
2014 plantation
(>25 years)
Kuraburi (sud 2 na na na na na na 0 1
des ilesswim)
Kuraburi 2 938'N 98 28'E 01/04/2014 S. James secondary na 0 1
(Morgan islands) forest
Uinversity 1 13442'N 10031.8 E 05/02/2012 S. James university na 0 1
Chulalongkorn gardens
Palearctic Azores Pineapple 4 1 37°45'12.5" N 25°24'18.3" W 01/01/2016 E. Da Silva Plantation na 0 3
plantation
Total 16 51 650 47 na na na na na na 299 479
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V. Chapter 4: Ploidy degree of Pontoscolex corethrurus complex
specimens

123



V.1 Chapter’s foreword

Knowledge of the ploidy degree and number of chromosomes of an organism is primordial
before undertaking molecular and genomic analyses. This information directs us toward the
adapted method of molecular analysis for the related species. For instance, for polyploid species,
co-dominant markers are not advisable (e.g., microsatellites, Restriction Fragment Length
Polymorphism (RFLP), Single-nucleotide Polymorphism (SNP), and restriction site-associated
DNA sequencing (RADseq)), due to the difficulty for determination of the number of copies for
each of the present alleles. Karyology and ploidy degree of several earthworm species are already
known e.g., Bakhtadze et al., 2004; Kashmenskaya and Polyakov, 2008; Muldal, 1952;
Vsevolodova-Perel and Bulatova, 2008. However, this information is still lacking for some
species, in particular those used frequently as biological model for ecotoxicological, soil
bioremediation, and bioindicator of soil quality, such as Pontoscolex corethrurus morphospecies.
In the second chapter of my thesis, we showed that this morphospecies corresponds in reality to a
complex of four cryptic species, and we assigned the lineage L1 to P. corethrurus sensu stricto. In
the study presented in this (fourth) chapter, we aimed to develop a karyological protocol,
functioning on P. corethrurus specimens; in order to investigate its ploidy degree and also the one
of other specimens in the complex to examine whether different lineages have different ploidy
degrees (i.e., polyploid complex). We were also interested to know if meiosis is retained. Due to
the low number of samples that gave positive results, this chapter will not be published (at least 5
individuals with several chromosome counts are necessary for scientific publication). Through this
study we established a vast collaboration with different laboratories. Firstly, this study was
conducted in association with George Brown, Luis Cunha and Elodie Da Silva from the Brazilian
Agricultural Research Corporation (Embrapa) who helped to collect alive specimens from Brazil
and Sao Miguel Island. Some of my experiments were carried out in Brazil during a 2 month stay.
Secondly, I worked in close collaboration for one year with Jean-Pierre Coutanceau and Chantal
Guidi Rontani from the Systematic and Evolution department of Paris VI University in France.
Table D 1 shows a brief summary of this chapter’s results, collaboration and all the effort I have
put in this study.
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Table D 1: Chapter’s summary

top of intestinal
tube

Place of . Number of C e queage .
Date experimentations Populations individuals Organ Protocol | Meiosis/Mitosis | Results n Collaboration
P complex
Seminal vesicles not usable
Oct.-Dec.2014 | France (UPEC)*|  Brazil 1524 or other organs on 1 Yes (meiosis) for two not Brazil
top of intestinal juvenile |sequenced
tube specimens
Jan.-Mar.2015 France (UPEC) Brazil 15 Tail 2 No _ L1 and L4 Brazil
Seminal vesicles
Oct.-Dec. 2015 | Drazl (Parana g,y 6§ |orotherorganson| g, No LlandL4|  Brazil
university) top of intestinal -
tube, and the tail
France (S)re r(?tllil:rl (:/res;fllsef)n 2n=70 for
(UPMC)? Brazil 15 top of inte iinal 3 Yes (meiosis) | two adult L4
tube specimens Paris VI for
Jan.2016- The tail and manipulations
Jan.2017 © tat anc and Brazil for
Sio seminal vesicles samples
France (UPMC) Miguel 40 or other organs on | 2 and 3 No _ L1 and L4 p

23 UNIVERSITE PARIS-EST CRETEIL

24THE SAME 15 INDIVIDUALS FROM EMBRAPA (BRAZIL) WERE USED IN DIFFERENT PERIODS. REDUCTION IN NUMBERS AFTER EXPERIMENTATIONS ARE NOT

MENTIONED.

25 UNIVERSITE PIERRE ET MARIE CURIE
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V.2 Introduction

Chromosome biology of annelids, and particularly earthworms, have received limited attention
(Venu et al., 2013). The karyology of earthworms has mainly been studied in the Lumbricidae
family; Table D 2 shows the vast difference in ploidy degree which ranges from 2n to 10n within
this family. In particular, different ploidy degrees exist within 6 morphospecies; Aporrectodea
caliginosa, Aporrectodea rosea, Dendrodrilus rubidus, Dendrobaena octaedra, Octodrilus
transpadanus, and FEiseniella tetraedra. These morphospecies could correspond to complexes of
cryptic species with different ploidy degrees (i.e., polyploid complexes). For instance, evidence of
cryptic species existence was suggested for 4. rosea (Fernandez et al., 2016). As different ploidy
degrees are observed for this morphospecies, further studies are necessary to investigate if different
species in this complex have different ploidy degrees (Table D 2). In literature, there is a big gap
of knowledge on karyology of other families of earthworms, especially for those in tropical zone.
It is worth noting that for cytogenetic and karyological studies, an optimized protocol based on
each species physiology is necessary.

Table D 2: Earthworms karyology found in literature for Lumbricidae family

Basic (n) Level of
Species chromosome ploidy References
number
Aporrectodea rosea 18 2n, 3n, 4n, (Vsevolodova-Perel and Bulatova,
5n, 6n, 8n, 2008)
10n
Aporrectodea caliginosa | 18 2n, 3n, 4n (Kashmenskaya and Polyakov,
2008; Vsevolodova-Perel and
Bulatova, 2008)
Bimastus tenuis 16 3n (Muldal, 1952)
Dendrodrilus rubidus 17 2n, 3n, 4n, (Vsevolodova-Perel and Bulatova,
6n, 8n 2008)
Dendrobaena octaedra 18 5n, 6n, 8n (Hongell and Terhivuo, 1989;
Vsevolodova-Perel and Bulatova,
2008)
Dendrobaena 17 4n (Muldal, 1952)
subrubicunda
Dendrobaena veneta 18 2n (Bakhtadze et al., 2004; Bakhtadze
N.G., Bakhtadze G. 1., 2003)
Dendrobaena nassonovi | 18 2n (Bakhtadze et al., 2004; Bakhtadze
nassonovi N.G., Bakhtadze G. 1., 2003)
Dendrobaena hortensis 18 2n (Bakhtadze et al., 2004; Bakhtadze
N.G., Bakhtadze G. 1., 2003)
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Dendrobaena pentheri 18 2n (Bakhtadze et al., 2004; Bakhtadze
N.G., Bakhtadze G. L., 2003)

Dendrobaena surbiensis | 18 2n (Bakhtadze et al., 2004; Bakhtadze
N.G., Bakhtadze G. 1., 2003)

Dendrobaena nassonovi | 18 2n (Bakhtadze et al., 2004; Bakhtadze

adjarica N.G., Bakhtadze G. L., 2003)

Dendrobaena jaloniensis | 18 2n (Bakhtadze et al., 2004; Bakhtadze
N.G., Bakhtadze G. 1., 2003)

Dendrobaena marinae 18 2n (Bakhtadze et al., 2004; Bakhtadze
N.G., Bakhtadze G. L., 2003)

Dendrobaena 18 4n (Bakhtadze et al., 2004; Bakhtadze

tellermanica N.G., Bakhtadze G. 1., 2003)

Dendrodriloides grandis | 18 6n (Bakhtadze N.G., Bakhtadze G. 1.,

perelae 2003)

Dendrodriloides 18 2n (Bakhtadze N.G., Bakhtadze G. 1.,

hydrophilica 2003)

Dendrodriloides 18 2n (Bakhtadze N.G., Bakhtadze G. 1.,

polysegmentica 2003)

Dendrodriloides 18 2n (Bakhtadze N.G., Bakhtadze G. 1.,

thamarae 2003)

Eiseniella tetraedra 18 3n, 4n (Muldal, 1952; Vsevolodova-Perel
and Bulatova, 2008)

Eiseniella tetraedra 18 4n (Muldal, 1952)

hercynia

Eisenia atlavinyteae 18 2n (Kashmenskaya and Polyakov,
2008)

Eisenia balatonica 18 2n (Kashmenskaya and Polyakov,
2008)

Eisenia fetida 11 2n (Bakhtadze et al., 2008)

Eisenia iverica 18 2n (Bakhtadze et al., 2008)

Eisenia nordenskioldi 18 2n (Kashmenskaya and Polyakov,
2008)

Elsenia rosea 18 3n (Muldal, 1952)

Lumbricus rubellus 18 2n (Bakhtadze et al., 2008)

Octodrilus transpadanus | 15 2n, 3n, 4n, (Bakhtadze et al., 2008; Garbar et

7n al., 2009)

Octodrilus complanatus | 18 2n (Vitturi et al., 2000)

Omodeoia byblica 17 2n (Kvavadze et al., 2007)

Omodeoia arsianica 17 2n (Kvavadze et al., 2007)

Octolasion lacteum 18 3n (Kashmenskaya and Polyakov,
2008)

Octolasium cyaneum 19 10n (Muldal, 1952)
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Octolasion tyrtaeum 18 3n (Vsevolodova-Perel and Bulatova,
2008)

It is recognized that animals with no sex determining chromosome, such as hermaphroditic
earthworms, are particularly inclined to parthenogenetic reproduction (a form of asexual
reproduction where the zygote is derived from an unfertilized female gamete; Lynch, 1984)
(White, 1973). Parthenogenesis and polyploidy (i.e., having a chromosome set more than 2n) are
considered to be related phenomena. Polyploidy is frequent in earthworms and ranges from tri to
dodecaploidy (Diaz Cosin et al., 2011). Polyploidy is argued to confer a set of advantages such as
larger cells, more gene expression, less sensibility to deleterious mutations and more evolutionary
potential thanks to gene redundancy, which might provide an advantage in colonizing harsher
environment (review in Tilquin and Kokko, 2016).

Some of the most widespread peregrine earthworm species of Lumbricidae, such as
Aporrectodea rosea (Savigny), Dendrobaena octaedra (Savigny), Eiseniella tetraedra (Savigny),
and Octolasion cyaneum (Savigny) are parthenogenetic polyploids (Table D 2). However,
polyploid earthworms with an even degree of polyploidy that undergo sexual reproduction exist,
such as sexual forms of Eisenia nordenskioldi with a ploidy level ranging from 2n to 8n (Stenberg
and Saura, 2013). In parthenogenetic specimens, seminal vesicles, testes, spermathecae, genital
setae, prostates, male pores and spermatophores are present, reduced or lacking (Diaz Cosin et al.,
2011). Therefore, in earthworms, a “parthenogenetic polymorphism” or genital polymorphism” is
often observed (see for instance Shen et al. 2011). For example, the parthenogenetic earthworm
Amynthas catenus has various stages of degeneration in size, number and structure of reproductive
organs. The athecal individuals (without spermathecae) of this species are; 2n, 3n, and 4n, while
the sexthecals (with spermathecae) are 2n (Shen et al., 2011).

Relation between different ploidy degrees and species complex lineages have been rarely
studied despite their connectivity and evolutionary importance. In the annelids, this question has
been investigated for Tubifex tubifex complex (Miiller, 1774). T. tubifex is a cosmopolitan annelid
which is mostly found in the benthic freshwater communities, and can be found in 2n, 3n, 4n, and
5n forms (Marotta et al., 2014). This study was done in relation with cadmium resistance for
different genetic lineages in this complex. Marotta et al. (2014) found that the different
mitochondrial lineages within 7. tubifex responded differently to cadmium resistance and these
lineages corresponded to different ploidy degrees. The most cadmium-resistant lineages (I and I1I)
corresponded to tetraploid lineages, while the least cadmium resistant lineage II, corresponded to
triploid specimens (Marotta et al., 2014). In cases of species complex, different reproduction
strategies per lineage may exist. For sexual reproduction species, meiosis cell division is obligatory
to produce gametes. Retention of meiosis and spermatogenesis are also reported in some
parthenogenetic species. For instance, in Amynthas catenus earthworm, species spermatogenesis
for both, athecals and sexthecals, has been retained (Shen et al., 2011). This type of
parthenogenesis with retention of meiosis is called ‘automictic parthenogenesis’ (Figure D 1) which
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is very common for earthworms (Diaz Cosin et al., 2011). In this type of parthenogenesis,
chromosome numbers are doubled prior to meiosis and genetically identical sister chromosomes
are paired to form chiasmatic bivalents and regular meiosis is continued with the extrusion of two
polar bodies (reviewed in Diaz Cosin et al., 2011). The genetic consequence of this cytological
mechanism is similar to those of apomixis (i.e., the formation of clonal animal) however the
heterozygosity is maintained (Stenberg and Saura, 2013). This kind of reproduction is compatible
with different degrees of polyploidy, especially odd-numbered levels (Diaz Cosin et al., 2011;
Terhivuo and Saura, 2006) i.c., the same number of chromosomes are obtained at the end of this
type of meiosis (Figure D 1). Dendrobaena octaedra and Dendrodrilus rubidus are the only
earthworms known to be apomictic parthenogens (suppression of meiosis during reproduction)
(Diaz Cosin et al., 2011; Shen et al., 2011).
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Figure D 1: The figure on top shows the stages of meiosis in sexual reproduction and the figure below shows meiosis stages in automictic parthenogenesis
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Here, we were interested to do a karyological study on the peregrine earthworm species
Pontoscolex corethrurus. Meanwhile, in chapter 2, we found a complex of four cryptic species for
P. corethrurus. Therefore, we would like to know if a polyploid complex exists. P. corethrurus
has been described as parthenogenetic but the possibility of sexual reproduction has been also
suggested. Therefore, our objectives were; (i) to optimize an adapted protocol based on P.
corethrurus, (ii) to find P. corethrurus ploidy degree, (iii) to investigate whether this complex of
species corresponds to a polyploid complex, and (iv) to examine whether meiosis and
spermatogenesis have been retained in P. corethrurus complex.

V.3. Materials and methods

Earthworms used for this study came from three locations; one site situated in Brazil (i.e.,
Embrapa’s garden with 15 individuals, and during my two-month stay at Brazil I worked on a total
of 68 individuals from the same location), and two sites, namely, Furnas volcano and pineapple
plantation, from Sao Miguel Island of the Azores archipelago with 20 individuals from each
population (Figure D 2). These specimens were kept at 24°C in boxes filled with tropical soil and
horse dung as a source of nutrition. Water was added to these boxes every two weeks.

In this study, three different protocols were used. These protocols were tested in the following
order: protocol 1 was tested on adults, juveniles, and cocoons of the Embrapa population in Brazil,
protocol 2 and 3 were carried out on juveniles and adults coming from the three populations of this
study i.e., Embrapa, pineapple plantation and Furnas volcano populations (protocols were done at
different periods during three years). For the first protocol described by Gatti et al. (1994), we
injected 0.03% colchicine (3mg/ml, 0.06 gr in 20 ml water) (a product which inhibits microtubule
polymerization by binding to tubulin during metaphase stage of cell divisions) in the head of the
animal and it was left for 15-20 hours. The day after, we dissected the worm after anesthetizing it
with chloroform, and, if present, we took the seminal vesicles (i.e., the organ used for karyological
studies because of high cell divisions) which are present between the 11th and the 17th segment.
Otherwise, we took everything in the upper part of its gut. We put the organs in a 1.5 ml tube of
0.5% sodium citrate (0.5 gr of sodium citrate in 100 ml water), this solution is used as a hypotonic
media which increases the cell volume by absorbing water in the cell to equilibrate the salt balance.
At the same time, we smashed the organs in small pieces, and left it for 30 min, then replaced the
supernatant with Carnoy solution (i.e., a fixative solution to fix and dehydrate chromosomes and
cell nuclei after hypotonic shock; 1 ml of acetic acid/3 ml of methanol). After one hour, we spread
the materials on slides and heated them at 24°C. Coloration was done with 3% Giemsa (i.e., 6 ml
Giemsa + 6 ml PH7 + 188 ml water).
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Sao Miguel Island (Azores archipelago)

Figure D 2: Locations where samplings were done for this study. The figure in left shows the location used for
sampling from Brazil (Embrapa’s garden), and the image on the right shows the two locations of Sdo Miguel
Island; pineapple plantation and Furnas volcano (from left to right).

The second protocol followed Shen et al. (2011) procedure. The last five to six segments of
earthworms’ tail (without anesthetizing) were amputated. Twenty-four hours after the amputation,
0.05 ml of 0.3% (30 mg/ml, 0.6 gr in 20 ml water) colchicine was injected into the wound. After
another 24h, the last five to six segments of the tail were amputated again. The regenerated tail
was cut into fine pieces and immersed it in 0.56% colchicinized KCl solution (0.56 g KCl in 99.44
ml water + 1 ml 0.3% colchicine) for 4-5 hours. A few drops of Carnoy was added, then we
centrifuged at 1000 rpm for 10 min. The supernatant was replaced by fixative and then re-
centrifuged at 1300 rpm for 7 min. This step was repeated twice. The cell suspension was dropped
on slides, which were put on heater for two hours, finally coloration was done with 3% Giemsa.

The last protocol which was a direct in vivo method according to the protocol of Bertollo
(1978) (Figure D 3) with the following modifications: 0.04% colchicine (4mg/ml: 0.08 gr in 20 ml
of water) at 24°C (tube held in 24°C bain-marie), was injected in the first 10 segments of the head
(near the clitellum, if an adult) of specimens. The volume of injection was adjusted by the equation;
0.3 ml of colchicine for 100 grams of weighed animal. Then the animal was left in the soil (normal
condition at 24°C) to avoid further stress for 15-20 hours. The following day, we dissected the
specimens, after anesthetizing them by putting them in 70% of ethanol. If the worms were adult,
we would take the seminal vesicles with testis sacs. Sometimes seminal vesicles were not observed
even if the worms were adult, in this case, or if the worm was juvenile; all the other organs above
the intestinal tube were taken. Tissues were rapidly dissociated with forceps, on 70-um mesh cell
strainers placed in small Petri dishes containing 2 ml hypotonic solution KCI (0.558% of 0.075M)
at 24°C. The cell suspension was transferred to 15ml conical tubes containing 15ml of pre-warmed
hypotonic solution. The resulting suspension was incubated for 20 min in a water bath at 24°C
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with regular gentle shaking to provoke the hypotonic shock. At the last 5 minutes of the hypotonic
shock we prepared the Carnoy (1 ml of acetic acid/3 ml of ethanol). We added 3 drops of Carnoy
to stop the hypotonic shock and to fix the cells, then we mixed the liquid. Finally, we proceeded
to centrifugation steps. The first centrifugation was for 10 minutes and 1500 rpm. After each
centrifugation, the supernatant was taken and the materials were slowly homogenized with Carnoy
at the bottom of the tube. We added again 6ml of Carnoy, while homogenizing. Then we left the
tube for 10 minutes in a box filled with ice. The second centrifugation was done for 10 minutes
and 1500 rpm. We proceeded exactly like the last stage, but we left the tube for 20 minutes on the
ice. The last centrifugation was done for 10 minutes and 1500 rpm. The same procedure was
repeated as the first and second centrifugations, but at the end we added 1 or 2 drops of Carnoy
(depending on how much materials were left). Slide preparations were done by dropping 50ul of
liquid material. Chromosome coloration was done by DAPI, i.e., 1 pg/ml DAPI (Sigma) in antifade
solution (Vectashield Mounting Medium, Vector Laboratories, Peterborough, UK). Hybridized
chromosomes were visualized under a Zeiss AXIO Imager M1 microscope, and images were
captured with a CoolSNAPES camera. Photomicrographs were processed by the Genus software
for karyotyping (Leica Microsystems).

At the end of the experimentation, we took a part of the specimens’ tissue in order to verify to
which phylogenetic lineage they correspond (we cannot distinguish the lineages morphologically)
in P. corethrurus complex based on chapter 2 results (cytogenetic experimentations should be done
on alive specimens, so sampling part of their tissue cannot be done before the manipulations).
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Dissection
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at 24°)

Figure D 3: The steps of protocol 3. The first step is colchicine injection (image on top left), the volume of injected
colchicine depends on animal’s weight i.e., 0.3 ml of 0.04% colchicine for 100 grams. Duration of colchicine treatment
depends on the biological model used. KCl1 0.558% at 24°C was used as hypotonic shock. Carnoy was added to stop
the shock and to fix the chromosomes, then three steps of centrifugations were run. At the end, slides were observed
under microscope to investigate chromosomes at metaphase stage.
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V4. Results and discussion
V.4.1. Problems encountered during experimentations

A total of 123 specimens (juveniles, adults and cocoons) were used for this study. During this
study, we faced several problems. These problems were related to: limited access to alive
specimens (tropical species), reproduction biology of P. corethrurus and the reproducibility of
results.

First of all, in cytogenetics, we have to work on alive specimens, and because of international
laws on alive specimen transportations prohibition, we couldn’t have more specimens to work on
than 15 individuals from Embrapa population of Brazil and 40 individuals from Sao Miguel Island.
During my stay at Brazil, I had the opportunity to have access to specimens from Embrapa garden,
but as I discuss later, the protocol used during this period (protocol 1) didn’t work.

The protocol of tail regeneration (protocol 2) was tested on juveniles and adults, but we didn’t
obtain results. The main reason of low success of protocols 1 and 3 for most of the specimens,
could be the lack of knowledge on reproduction biology and on physiology of this morphospecies
(seminal vesicles are the organ used for both protocols). In many cases once the adult worms (i.e.,
clitellate specimens) were dissected, no seminal vesicles were found, in this case we took other
organs above the gut, but no results were obtained. This observation reinforces our belief that these
specimens reproduce parthenogenetically. At the other hand, when seminal vesicles were present,
the experiments failed due to limited cell divisions (mostly related to lack of knowledge on periods
of the year when spermatogenesis occurs) or technical problems e.g., duration of colchicine,
hypotonic shock duration, etc. For instance, chromosomes in metaphase were found for two
juveniles from Embrapa, based on protocol 1, but the results on the slides were not usable due to
technical problems (Figure D 4). These problems were related to high hypotonic shock that made
chromosomes spread a lot so that it was impossible to find the chromosome pairs, or weak
hypotonic shock which made chromosomes overlap. Consequently, as results could not be
produced regularly due to seminal vesicles absence or lack of observed cell divisions,
modifications of the protocol based on few results obtained were useless (e.g., more or less
hypotonic shock periods).
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Figure D 4: Results obtained from protocol 1, taking seminal vesicules from juvenile specimens of Embrapa
population. Left figure: chromosomes are too spread due to strong hypotonic shock, also long colchicine
duration has caused the chromosome compaction. Right figure: chromosomes are overlapped, due to weak
hypotonic shock.

V.4.2. First karyotype within Pontoscolex corethrurus complex

Out of 123 individuals tested during this study, only two adult individuals from Embrapa
garden gave results based on protocol 3. In both cases, 2n=70 chromosomes were counted. Thus,
haploid number of chromosomes equals 35, which is much higher than those already observed for
Lumbricidae family (i.e., between 11 to 19 chromosomes). Amynthas catenus which is also present
in tropical zone has high haploid chromosome number i.e., 56 (Shen et al., 2011).

Using COI sequences, we were able to assign the specimens used in this study to the lineages
within the complex (Figure D 5). In the tree shown in Figure D 5, relationship between lineages L3
and L4 has changed in comparison to four genes tree (COI+16S+ITS2+288S), presented in chapter
2, mainly because this tree is done with one gene, consequently the relationships are not as
complete as for the four genes tree. The specimens in Embrapa population (Brazil) corresponded
to L1 and L4 lineages and the two populations of Sdo Miguel Island corresponded also to L1 and
L4 lineages, i.e., pineapple plantation (L1) and Furnas volcano (L4). Therefore, during this study,
due to limited access to alive specimens, we just had specimens belonging to L1 and L4 lineages.
The two specimens for which we obtained results belonged to Embrapa population. One of the
adult specimens corresponded to L4 lineage (Figure D 5). While, for the other individual due to
sequencing problem, we were unable to confirm to which lineage it corresponds (whether L1 or
L4). The first karyotype within P. corethrurus complex belongs to L4 which is shown in Figure D
6.
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Figure D 5: Bayesian tree for COI gene of Pontoscolex corethrurus complex. The karyotyped individual (2n=70)

from Embrapa’s garden in Brazil, corresponded to L4 of this complex.
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Figure D 6: First karyotype obtained based on protocol 3, from seminal vesicles of an adult specimen in L4 of
Pontoscolex corethrurus complex within Embrapa population. The ploidy degree is diploid; 2n=70.
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V.4.3. Sexually reproducing or parthenogenesis?

Evidence of meiosis during spermatogenesis was found for the two individuals for which we
obtained results (Figure D 7). Based on our results, P. corethrurus L4 could be either a sexual
reproducing species, or as spermatogenesis is retained for some parthenogenetic species
(Cernosvitov, 1930; Shen et al., 2011), it could be an automictic parthenogen. Although it is not
yet understood why meiosis and spermatogenesis are retained in parthenogenetic reproduction,
Simon et al. (2003) highlighted that one of the origins of parthenogenesis in animals, including
earthworms, is ‘contagious parthenogenesis’. This type of origin is based on the hybridization of
two closely related species where complete reproduction isolation between parthenogens and
sexual ones have not yet occurred. Therefore, the sperm production of parthenogenetic lineage is
necessary to fertilize females of the closely related sexual species. This hybridization engenders
new parthenogenetic lineages or species. Thus, if we consider P. corethrurus L4 as an automictic
parthenogen, the sperm production could be explained by this phenomenon.

In chapter 2 of my thesis, we found evidence of heteroplasmy for 3 individuals in one site
(National Taiwan University) of Taiwan belonging to L4. Therefore, based on results obtained in
chapter 2, and the proof of meiosis and spermatogenesis in this chapter, we can suggest that L4
reproduces sexually.

-

Interphase Diplotene Metaphase |
-
Telophase I Telophase 11 Spermatozoid

Figure D 7: Meiosis stages of two individuals in Pontoscolex corethrurus complex, one individual in L4 and
the other one is unknown due to sequencing problem. These results were obtained on seminal vesicles organ
(slide colorations are done by DAPI).
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V.4.4. A polyploid complex for P. corethrurus?

As mentioned earlier, for species complex, we wonder if the speciation process could be related
to different ploidy degrees among cryptic species, especially if they reproduce parthenogenetically.
However, as in this study we didn’t obtain results for other specimens in the complex, we could
not answer this question. In the literature on earthworm’s karyology, a lack of phylogenetic
analysis alongside cytogenetic studies was observed. These two sciences are complementary and
it is important to develop these kinds of studies in the future.

V.5. Conclusion and perspectives

To our knowledge, this is the first study investigating the ploidy degree within P. corethrurus
complex. We found 2n=70 for L4 in the complex. Proof of spermatogenesis was also found for
two specimens in L4. In this study, I have tested and tried every protocol known for earthworms
karyotyping, but I didn’t gain results as I hoped for. I think that classical cytogenetic protocols are
not adapted for this complex as long as they are mostly parthenogens and even if seminal vesicles
exist, the chance to gain desired results is low. Therefore, for an estimation of the ploidy degree, I
propose flow cytometry to measure DNA content of somatic cells from coelomocytes in the future.
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VIL1. Speciation, hybridization and genetic variation within Pontoscolex
corethrurus complex

VI.1.1. New species within the genus Pontoscolex and cryptic diversity within the
Pontoscolex corethrurus complex

My thesis has been the first study on cryptic diversity discovery in a wide range of tropical and
sub-tropical countries for the most invasive, peregrine earthworm species; Pontoscolex
corethrurus. In my PhD, four new species within the genus Pontoscolex and four cryptic species
within P. corethrurus complex were found. Analyses were done on 792 specimens from 25
countries in tropical and sub-tropical zones. These specimens were morphologically close to the
morphospecies P. corethrurus, collected by soil scientists. Previously, Cunha et al. (2014) had
found two cryptic species for P. corethrurus on Sao Miguel Island of Azores archipelago. High
sampling effort (we have used the most extensive sampling done so far in this genus to date), could
explain that two more cryptic species were found in P. corethrurus complex in this thesis.

Alongside cryptic diversity discovery, four new species were also found in the genus
Pontoscolex. Through chapter two we highlighted an important aspect; which is the misleading
morphological characters used to distinguish species within the genus Pontoscolex. P. corethrurus
is mostly distinguished by the quincunx formation of the setae (brush tail) at the last quarter of its
body. Three of the four newly found species in my PhD, had also quincunx formation (P. sp. 1, P.
sp 2, and P. sp 3). Thus, as Moreno (2004) similarly highlighted, it is possible that in some studies
due to identification error based on this trait, other species in the genus have been mistakenly used
as P. corethrurus. Accordingly, we strongly suggest that this trait should not be used as a
recognition characteristic for this morphospecies. It is also necessary that these new species be
described in genus Pontoscolex in future, and samples from this thesis could be used as type
species.

Morphological character examination had been the only method of species diagnosis for a long
time. With the advent of molecular approaches, species identification became more accurate. In
case of cryptic species where species morphology will not help us recognize different species,
molecular approaches were a break through. In my thesis, we used two mitochondrial markers
(COI and 16S) with two nuclear genes (28S and ITS2) on 792 samples. Three species delimitation
methods of single-locus (ABGD, mPTP) and multi-locus (BPP) were applied. These methods
showed congruent results, and confirmed the existence of four cryptic species. Phylogenetic results
were confirmed with phylogenomics analyses by AHE method. Our study thus supports the value
of molecular identification for species within the genus Pontoscolex. To date, this is the first study
where cryptic species discovery in earthworms has been done based on single-locus and multi-
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locus species delimitation methods, together with a phylogenomics study. However, the question
remains for ecological aspect in an integrative taxonomy context. Are these species ecologically
separate as well? Probably in future we could answer this question by investigating if the
different phylogenetic species occupy different niches or not when they are found in sympatry.

For cryptic species discovery, it has been suggested to do single-locus and multi-locus, species
delimitation analyses (Carstens et al., 2013). This is mostly due to contradictory results that
different markers could have if they are interpreted separately. COI gene is the marker of choice
for the majority of studies treating cryptic diversity discovery. In several cases, it has been
observed that with different markers, different number of cryptic species could be found. For
instance, for Lumbricus rubellus based on COI gene four cryptic species were found, while based
on H3 gene, nine species (Martinsson and Erséus, 2017). The final number of cryptic species for
L. rubellus was estimated based on the BPP multi-locus species delimitation method. This analysis,
showed a total of seven cryptic species for this morphospecies. In our study number of cryptic
species found based on COI gene (ABGD and mPTP for single-locus species delimitation
analyses) were similar to those of multi-locus analysis (BPP). Results of the phylogenomic
approach (AHE), which is based on 609 loci, also confirmed these results. The fact that
independent single marker COI showed the same results as for four concatenated genes and full
nuclear genomic DNA results, could be explained by the lack of introgression among cryptic
species and long evolutionary periods of time. Meanwhile, as COI is only maternally inherited,
the effective population size is small. These could be the reasons why COI alone permit us to
distinguish the four cryptic species in P. corethrurus complex.

It has always been suggested that nuclear markers should be used together with mitochondrial
genes for systematic studies (Song and Ahn, 2014). In our study, results of nuclear marker showed
the evidence of four new species within the genus, but the cryptic lineages could not be identified
by these markers. It has already been found that, phylogenetic reconstruction based on nuclear
markers, within species or between closely related species, due to heterozygous sites, is
problematic (Sota and Vogler, 2003). However, information of heterozygous sites for closely
related or fast radiating taxa where diagnostic sites are rare, is particularly valuable (Lischer et al.,
2014). In our study, heterozygous sites were observed in several sites for ITS2 and 28S genes. As
more variation and more ambiguous base pairs were observed for ITS2 in the sequences, we did
phasing analysis (a method of deriving information from heterozygous sites from a sequence, by
dividing the sequence into two or more alleles) for ITS2 gene. Further analyses were done on
phased sequences. ITS2 phased sequences showed the same results as for mitochondrial genes
(i.e., four new species alongside four cryptic species in P. corethrurus complex). The ITS2
network haplotype done by median joining in chapter two was a proof of that. In fact, out of 27
polymorphic sites, only one site didn’t have heterozygous sites. Meaning that, by replacing
ambiguous bases for 26 sites with N (as missing information), the rest of ITS2 sequences were
completely equal (except one site) for all the cryptic species in the complex. Thus, by ignoring
heterozygous sites, only one big lineage with all the cryptic species mixed together (i.e., P.

143



corethrurus L1, L2, L3 and L4), was observed. Hence, this thesis highlights the importance of
phasing of nuclear genes if ambiguous bases are found for them. This could be the case of studies
on cryptic diversity for some other earthworm morphospecies. For instance, for Aporrectodea
longa two divergent haplogroups were found based on COI gene, but not for ITS2 and H3
(Martinsson et al., 2015). Therefore, the hypothesis of two cryptic species existence was rejected
for this morphospecies. However, we could possibly imagine that with phasing of ambiguous bases
(if any were found), results could be different. At the other hand, in some studies congruent results
between mitochondrial and nuclear markers, for cryptic diversity discovery, were found without
nuclear genes phasing. For instance, five cryptic species were suggested for Eisenia nordenskioldi
pallida based on ITS2 and COI, phylogenetic trees based on ML, BI, and ME methods
(Shekhovtsov et al., 2016b). Although less variations were observed for ITS2, this gene
corroborated the results of COI gene. The fact that, in Shekhovtsov et al. (2016b) study, ITS2 gene
allowed to distinguish cryptic lineages is probably related to the high number of polymorphic sites
within this gene. In ITS2 sequences, 112 polymorphic sites were found, while in our study 27
polymorphic sites out of 371 for P. corethrurus complex were observed.

As P. corethrurus morphospecies has been widely used as biological model, future studies
working on P. corethrurus complex should consider that this complex of species consist of at least
four cryptic species. We suggest researches to obtain COI sequences for their samples prior to any
experimentations. Eventually, they could blast and verify to which one of the species in the
complex their samples belong to, based on the COI barcodes on GenBank provided from this
thesis. This is especially important for ecotoxicological experiments, as P. corethrurus has been
the subject of some ecotoxicological studies. Different studies have shown that working on a
complex of species for ecotoxicological questions could give biased results. For instance, diverse
responses of the fungicide impact on the two lineages (LA and LB) of an amphipod complex of
species, Gammarus fossarum (Feckler et al., 2012) and different adaptations of Lumbricus rubellus
cryptic lineages (LA and LB) to soil contaminations (Kille et al., 2013) were observed.
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VI.1.2. Reproductive isolation among species in the complex

In chapter two we showed that in only 7 sites out of 116, sympatry of different cryptic species
was observed: L1/L3 within two sites in Mexico, L1/L3/L4 in Taiwan, and in Brazil L1/L.3/L4,
L1/L4 and within two sites for L1/L3. In three of them (two in Mexico and one in Taiwan)
reproductive isolation within the complex was investigated. This question was examined between
P. corethrurus L1 and P. corethrurus L3, based on AFLP markers (due to low number of
individuals for P. corethrurus L2 and P. corethrurus L4 species, reproductive isolation could not
be investigated for them). Results showed no mixture between these two species. As previously
mentioned in the introduction, while researchers are confused about the number of species i.e., one
versus two, we are in the ‘grey zone’ (De Queiroz, 2007). ‘Grey zone’ is in the path of speciation
process, where reproductive isolation is gradually established among two species. Once, no gene
flow occurs among species, the speciation process is complete. Based on our results, reproductive
isolation has been established between P. corethrurus L1 and L3 as no evidence of hybridization
among them was found. However, they still have the same morphological traits which shows that
these species are still in the grey zone, and the speciation process has not been completed yet.
Meanwhile, in chapter two of my thesis we raised the question of possible hybridization between
P. corethrurus L3 and L4. This was because of observed heteroplasmy for COI gene in three
individuals in one population of Taiwan, and shared ITS2 haplotypes among P. corethrurus 13
and L4. Unfortunately, because of low numbers of individuals for P. corethrurus L4, analysis
based on AFLP profiles, couldn’t prove the hybridization among P. corethrurus L3 and L4.
Eventually, a more advanced molecular tool such as RADseq. (Baird et al., 2008) could probably
help us determining with more accuracy the existence or absence of hybridizations among these
two species within this complex.

One of the primordial information on any species is the knowledge on its ploidy degree. As
shown in chapter four, the ploidy degree of earthworm species in Lumbricidae family is well-
known in comparison to other families. Although, P. corethrurus has been the subject of a lot of
studies, its ploidy degree has never been studied before. Through this thesis, we were interested to
test the ‘polyploidy complex’ hypothesis for P. corethrurus complex. This hypothesis proposes
that species within a complex have different ploidy degrees. Meanwhile, due to different ploidy
degrees, these species are not compatible to reproduce with each other. Therefore, different ploidy
degrees could be the reason of reproductive isolation among these species. In order to test this
hypothesis, we needed to know the ploidy degree of each species in the complex. In chapter four
of my thesis, we tried to answer this question by cytogenetics experimentations. P. corethrurus 14
came out to be diploid (2n=70). However, due to difficulties during the experimentations, we failed
to answer this question by cytogenetics experimentations for other species in the complex. Reasons
of failure were mainly due to limited access to alive specimens (tropical species) and lack of
knowledge on reproduction strategy of these specimens (parthenogenesis or sexual), because the
cytogenetics protocols are mainly based on seminal vesicles and in case of parthenogenesis, these
organs don’t exist. During my thesis, we collaborated with Luis Cunha, a post-doctoral student in
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Embrapa (Brazilian Agricultural Research Corporation) of Brazil, under the supervision of George
Brown. He was also interested in the ploidy degree of P. corethrurus complex, and used flow
cytometry for determining it (Figure 4). In this approach, the ploidy degree of an organism is
estimated based on the comparisons with ‘standards’ (organisms for which ploidy degrees are
already known). Based on his analysis, P. corethrurus L1 from pineapple plantation of Azores
Island, was also found to be diploid. Its genome size being estimated about 700 megabases
(haplome). His analysis also confirmed the diploidy of P. corethrurus 14, as we found by
cytogenetics.
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Figure 4: Flow cytometry results obtained by Luis Cunha, for pineapple plantation individuals of P. corethrurus L1,
from Azores Island. Analyses were done based on coelomocytes cavity of specimens. Results suggested that P.
corethrurus L1 is diploid.

The existence of ‘polyploid complex’ could be investigated for other complexes of earthworm
species. For instance, Aporrectodea rosea could be a good candidate for future studies. In this
case, access to alive specimens are not limited as long as this species is found in temperate zone.
This species is polyploid and different ploidy degrees are already known for it; 2n, 3n, 4n, 5n, 6n,
8n, and 10n (Vsevolodova-Perel and Bulatova, 2008). The existence of cryptic species has also
been suggested for this morphospecies (Fernandez et al., 2016). As different ploidy degrees exist
for A. rosea, an eventual question could be; Do different ploidy degrees correspond to different
cryptic species within A. rosea complex?
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VI.2. P. corethrurus L1: the invasive species

In chapter two, we were able to answer the question that has been rarely investigated. The
questions were; when we have a case of a known peregrine and invasive morphospecies, for which
we have found cryptic diversity with the help of molecular markers, can we assume that (i) one
species in the complex is invasive, (ii) some of them are invasive or (iii) all of them? In case of P.
corethrurus complex, we only found one of the species in the complex i.e., P. corethrurus L1,
present in the majority of studied sites (100 sites out of 116). Thus, our hypothesis is that P.
corethrurus L1 is the only invasive species in the complex. Eventually, we assume that most of
the studies on this morphospecies have used P. corethrurus L1 as their biological model.

There are four main steps of invasion; introduction, colonization, establishment, and finally
spread in new environments. Different ways of introduction of peregrine species throughout the
world are known by anthropochory, hydrochory, and phoresy. It has been mentioned that the
occurrence of the genus Pontosocolex (supposedly native in South America) in Caribbean Islands,
could only be explained by human migration prior to European colonization (Gonzélez et al.,
2006). It has been suggested that some 2200 years ago, humans arrived in the Greater Antilles by
island hopping from South America. Therefore, the vast distribution of P. corethrurus L1 is related
to human activities rather than ecological factors. Facility of transportation and introduction of this
species i.e., by attaching of cocoons to human boots, was also shown by a population genetics
study on populations from French Guiana by AFLP markers (Dupont et al., 2012). Key traits of
invasion success for the second step of invasion process, which is colonization, are r strategy and
parthenogenetic reproduction. The r strategies of this species are related to continuous breeding
with high fecundity rates, high hatching success and short development time. After the initial
colonization, phenotypic plasticity and competitivity of P. corethrurus L1 are main characteristics
of this species to become established in a new environment. The plasticity of this species is related
to its adaptability in different soil types with varying pH degrees, adjusting cocoon production and
incubation based on different environmental conditions and its fitness even in different degrees of
contaminants in the soil. P. corethrurus L1 is highly competitive with other earthworm species,
however evidence of exclusion by competition has never been reported for it. Competitivity of this
species is mostly related to its presence in poor areas where no other species could occur. Based
on the invasion step and thus reproduction strategy of this species, we could hypothesize that
different levels of genetic diversity could be observed for different populations in different parts
of the world. Consequently, studies taking this species as their biological model for
ecotoxicological experimentations for instance, could have different results based on the invasion
step of the specimens where samples come from. For instance, results of an ecotoxicological study
on individuals in LOP population could vary from those in CAX population of Brazil due to weak
genetic diversity in the former and higher genetic diversity in the latter. Thus, we might wonder if
taking an invasive species is a good choice as a model species for ecological questions.
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Another important reason to investigate the ploidy degree as mentioned above, for P.
corethrurus L1 is that it could help us understand the invasion success of this species. Most of the
invasive, peregrine species are polyploid. For instance, Aporrectodea rosea (2n, 3n, 4n, 5n, 6n, 8n,
10n) and Octolasion tyrtaeum (3n) (Vsevolodova-Perel and Bulatova, 2008), and Dendrobaena
subrubicun (4n) (Muldal, 1952), are polyploid and peregrine earthworm morphospecies all over
the world. The genetic consequences and advantageous of a polyploid species have already been
discussed in the introduction. These advantageous could be related to larger cells, more gene
expression, less sensibility to deleterious mutations and more evolutionary potential thanks to gene
redundancy, which might provide an advantage in colonizing harsher environment (review in
Tilquin and Kokko, 2016). Moreover, polyploidy and parthenogenetic reproduction are two related
phenomena. Parthenogenesis is one of the main success traits for invasion success (Sakai et al.,
2001). Probably, parthenogenesis is the key to maintain polyploidy. In this case, invasion success
of parthenogenetic species could be explained in one hand by foundation of a population from one
individual without the need to reproduce with another specimen, and at the other hand, it helps the
maintenance of polyploidy which has several advantageous for peregrine species.
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VI.2.1. Phylogeography and population genetics of the invasive species in the complex;
P. corethrurus L1

COI genetic diversity was investigated for P. corethrurus L1 populations. Thirteen COI
haplotypes were found out of 479 sequences for P. corethrurus L1. In comparison with other
studies for instance, De Sosa et al. (2017a) study on Eiseniella tetraedra, more COI genetic
diversity was observed. Out of 92 sequences of the parthenogenetic species E. tetraedra, 46
haplotypes were discovered i.e., almost one haplotype every two sequences. Samples came from
three main localities in Spain; Northern Spain, Central and Wales. Our study highlights low COI
diversity of P. corethrurus L1 specimens.

This study has been the first on population genetics and phylogeography of an invasive,
peregrine earthworm species, P. corethrurus L1, in a wide range of countries in the tropical and
sub-tropical zones. Guayana shield has been suggested as the origin of genus Pontoscolex (Righi,
1984). This hypothesis was based on high species diversity observed in genus Ponfoscolex in
Guayana shield. However, based on AFLP markers analysis in this study, evidence of more genetic
diversity in populations from Guayana shield in comparison with other parts of the world was not
observed. Additionally, despite long distances among the studied populations; Brazil, Mexico,
Caribbean islands, Gabon, India, Thailand, Taiwan, Madagascar, Philippines and Malaysia, one
major COI haplotype (H1) was widespread in all of them. Lack of more genetic variation, in the
supposed native zone in comparison with other areas, could be due to multiple re-introductions of
individuals (genotypes) of P. corethrurus L1 in different parts of the world, so that the genetic
variations throughout the world has become approximately equal. It could be possible that with
more population samples for P. corethrurus L1, more information on the genetic variation among
native and invaded zones of this species be found. However, our hypothesis is that due to several
introductions and the long invasion history of P. corethrurus L1, it is almost impossible to trace
back the zone of origin, and the invasion roads of this species. At the other hand, my thesis
highlights the importance of using mitochondrial markers alongside nuclear genome information
for population genetics and phylogeography studies. Due to invasion of one COI haplotype (H1)
throughout the world, we could propose the invasion of a ‘super-clone’ for P. corethrurus L1.
However, with AFLP markers more genetic variations were observed between populations, and
no genotypes were shared between two individuals among populations in the world. Therefore, the
hypothesis of the invasion of a ‘super-clone’ was rejected for P. corethrurus L1.
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VI.2.2. An invasive species doesn’t only have negative impacts

In my thesis, we considered invasive species as species with high competitive characteristics.
These species following the disappearance of natural obstacles to their propagation in a new
environment, are established and even spread into novel areas (Valéry et al., 2008). In many
studies, invasive species are considered as those which have negative impacts where they inhabit.
These negative impacts in case of an earthworm species, could be on the soil structure by soil
compaction, on soil organisms with biodiversity reduction, and on plant growth reduction or even
death due to more nutrient consumption by earthworms. P. corethrurus L1 has been considered
for a long time as a compacting earthworm species by its activities. Soil compaction could lead to
creation of an impermeable layer on the soil surface where water and air could hardly penetrate.
Consequently, species of plant which are not resistant to lack of water could eventually die.
However, in literature we found the evidence of re-structuration ability of this species for Oxisols.
Meanwhile, the compaction impact of this species is mostly related to soil organic matter content
of the soil. In low concentrations, this species has compacting impact especially due to absence of
other de-compacting organisms in the soil. P. corethrurus is known to have positive impacts on
plant growth, due to the existence of high concentration of minerals in their casts. High rates of
mineralization for this species, starts from their gut, by the activation of soil organisms. This
activation is related to the ‘sleeping beauty’ hypothesis (Lavelle et al., 1983), where
microorganisms are highly activated by water and soluble-C in form of mucus in P. corethrurus
intestinal tube. This species has been repeatedly reported as dominant where it is found. In chapter
one we showed that this species could also co-occur with other native or exotic species. In some
cases, the dominance of exotic and native species have been found over this species, for instance
in one pasture of Cuba where exotic species were dominant. P. corethrurus is found in a wide
range of habitats, form pastures, croplands and plantations to primary forests and tropical
rainforests. This species could inhabit soils with poor or rich levels of organic matter. This suggests
the high plasticity of this species. In any habitat where this species is found, based on the soil type,
pH soil volume, degree of organic matter in the soil, species of plant present, presence or absence
of other soil organisms, the impacts of P. corethrurus L1 varies; meaning that they could be
positive or negative.
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VI3. Mixed reproductive strategy within a species complex and/or within a
species

It is important to mention that, different species within a complex, could have different
strategies of reproduction i.e., sexual reproduction or parthenogenesis. In general, the advantages
of sexual over asexual reproduction are in ‘mutational’ and ‘ecological’ aspects (Simon et al.,
2003). The mutational disadvantage of parthenogenetic reproduction is related to the fact that as
long as recombination among homologous chromosomes doesn’t exist, deleterious mutations
could accumulate through time. These mutations are difficult to purge form asexual genomes. The
ecological aspect is related to more resistance or adaptation of sexual genomes to environmental
conditions. For instance, in cases of parasites or competition with relatives, sexually reproducing
specimens due to higher genetic diversity could be advantageous over asexual ones. P. corethrurus
L4 in the complex, due to observed spermatogenesis and diploid ploidy degree could be a sexually
reproducing species. However, spermatogenesis has been also observed for parthenogenetically
reproducing species. One of the origins of parthenogenesis in different organisms including
earthworms, is ‘contagious parthenogenesis’. In this type, sperms from parthenogenetic species
would fertilize the females of a sister species, where reproductive isolation hasn’t yet been
established among them. Consequently, a new parthenogenetic lineage or species with a probable
different ploidy degree than its parents is created. This type of strategy has also been observed for
Daphnia pulex (Innes and Ginn, 2014). The asexual clones of this species have succeeded to invade
the sexual populations, mostly by ‘contagious parthenogenesis’ where new parthenogenetic
genotypes are formed. Despite the existence of different reproduction strategies in a species
complex, some species could have mixed reproduction strategies. In mixed reproduction strategy,
the species is a facultative parthenogenetic and has also sexual reproduction. This mixed
reproduction strategy helps the species resistance. Resistance to environmental conditions due to
mixed reproduction, in case of peregrine and invasive species could be very beneficial. For
example, the earthworm morphospecies Dendrobaena subrubicunda which is widely present in
the world has a facultative parthenogenetic reproduction alongside sexual reproduction (Muldal,
1952). An invasive species could be in different stages of invasion while present in an area. As
mentioned above, in the first stages of invasion, for instance the colonization, the reproduction
strategy could be parthenogenesis to enhance the probability of invasion success. Therefore, less
genetic diversity is expected for populations which have newly colonized an area or are recently
established. Through our population genetics study, low levels of genetic diversity have been
observed in some populations. For example, based on AFLP markers, for CHG in Thailand and
LOP in Gabon high levels of clones were observed with less genetic diversity. This could be due
to parthenogenetic reproduction strategy and eventually conclude that these areas are newly
invaded by P. corethrurus L1. Meanwhile, high genetic diversity was observed in some
populations e.g., CAY, PARC, BEL, JNL, and TLC, which could be due to the accumulation of
mutations through time because this species has invaded and established in these populations a
long time ago. Another reason could be related to sexual reproduction of specimens within these
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populations. Sexual reproduction strategy of P. corethrurus L1 was also suggested by variable
levels of linkage disequilibrium and higher genetic diversities in some populations for this species.
Therefore, we suggest a mixed strategy of reproduction for P. corethrurus L1; once it is in the first
steps of invasion or has newly invaded an area, it has parthenogenetic reproduction, but while it
has established in an environment long time ago, it could have sexual reproduction as well. In
future, existence of sexual reproduction hypothesis for P. corethrurus L1 could be tested by
controlled laboratory experimentations. This could be done by putting two or three earthworms
per box and observe them regularly, if cocoons are deposited. In case of cocoons presence, we
could genotype the two or three earthworms in the box and the cocoons. Eventually, we could
examine to which specimens (in case of sexual reproduction) or specimen (in case of
parthenogenesis), the cocoons belong to. At the other hand, in order to better understand the
evolution of different reproduction strategies in P. corethrurus complex, we should probably
gather the information on reproduction strategies of all the species in genus Pontoscolex.
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VII.1.  Appendix 1

Article on mitochondrial genome of P. corethrurus L.1: In the context of our collaboration
with Luis Cunha, we shared several unpublished information concerning the P. corethtutus
complex and the occurrence of each cryptic species in different habitats. In this collaboration, I
have participated in preparation of the paper entitled: The complete mitochondrial DNA
sequence of the pantropical earthworm Pontoscolex corethrurus (Rhinodrilidae, Clitellata):
Mitogenome characterization and phylogenetic positioning, which I have put in the Appendix
of my thesis.
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Abstract

Pontoscolex corethrurus (Miiller, 1857) plays an important role in tropical soil ecosystems and has been
widely used as an animal model for a large variety of ecological studies, in particular due to its common
presence and generally high abundance in human-disturbed tropical soils. In this study we describe the
complete mitochondrial genome of the peregrine earthworm P corethrurus. This is the first record of a
mitochondrial genome within the Rhinodrilidae family. Its mitochondrial genome is 14 835 bp in length
containing 37 genes (13 protein-coding genes (PCG), 2 rRNA genes and 22 tRNA genes). It has the same
gene content and structure as in other sequenced earthworms, but unusual among invertebrates it has
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several overlapping open reading frames. All genes are encoded on the same strand. Most of the PCGs use
ATG as the start codon except for ND3, which uses GTG as the start codon. The A+T content of the mi-
tochondrial genome is 59.9% (31.8% A, 28.1% T, 14.6% G, and 25.6% for C). The annotated genome
sequence has been deposited in GenBank under the accession number KT988053.

Keywords
Pontoscolex corethrurus, mitochondria, mitochondrial genome, Rhinodrilidae, earthworm, Azores, per-
egrine species

Introduction

Excluding a few aquatic taxa, earthworms (Annelida: Clitellata) are mostly terrestrial
and include ca. 5,500 species (Blakemore et al. 2006). Believed to have originated in the
Guyana Shield (Righi 1984), the earthworm Pontoscolex corethrurus (Miiller, 1857) is a
globally distributed species found in most tropical regions. It mainly occurs in human-
disturbed areas and can be used as an indicator of ecosystem disturbance (Brown et al.
2006), and is commonly used in ecotoxicological studies (e.g. Buch et al. 2011; Buch et
al. 2013; Da Silva et al. 2016). The species formerly belonged in the Glossoscolecidae
family, but was recently allocated to the Rhinodrilidae family by James (2012), following
the phylogeny of James and Davidson (2012). It is also the most well-known earthworm
species in the humid tropics, frequently used in ecological and agronomic studies (Bhat-
tacharjee and Chaudhuri 2002; Buch et al. 2013; Chapuis-Lardy et al. 2010; Dupont et
al. 2012; Hamoui 1991; Marichal et al. 2010). Being a geophagous endogeic species, 2
corethrurus shows high plasticity regarding its tolerance to soil physicochemical character-
istics, including variable moisture, high temperatures, exceptionally high carbon dioxide
and low oxygen levels, and is capable of inhabiting nutrient-poor soils (Cunha et al.
2014; Hamoui 1991; Lavelle et al. 1987), as well as rotten logs (Buch et al. 2011).

Molecular data have become increasingly important in recent years. In animals, the
mitochondrial DNA (mtDNA) typically contains 37 genes, encoding 13 proteins for the
enzymes required for oxidative phosphorylation, the two ribosomal RNA units (rRNA), and
22 transfer RNAs (tRNAs) necessary for the translation of the proteins encoded by mcDNA
(Anderson et al. 1981; Boore 1999; Zhao et al. 2015). Remarkable progress has been made
over the past several years in the field of the molecular systematics of annelids. Compared
with individual genes, the mitochondrial genome is still a promising tool for inferring phy-
logenetic relationships due to its high content of information, and has been applied in some
phylogenetic studies involving earthworms (Zhang et al. 2015; Zhang et al. 2016b).

In this study, we sequenced the complete mtDNA sequence of 2 corethrurus for the
first time and analyzed its structure. Additionally, we conducted phylogenetic analyses
based on the mitochondrial sequence data available elsewhere with the purpose of
investigating the phylogenetic position of P corethrurus within Clitellata. The informa-
tion reported in this article will facilitate further investigations of phylogenetic rela-
tionships of different Annelida species.


http://www.ncbi.nlm.nih.gov/nuccore/KT988053
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Material and methods

Sample collection and DNA extraction

A group of clitellate (adult) P corethrurus was collected in Sao Miguel Island (Azores,
Portugal) inside pineapple greenhouses (Locality: Faja de Baixo, 37°45'12.2"N,
25°38'21.3"W) during January 2015. Animals were euthanized in 10% ethanol
and preserved in 96% ethanol for later work. A piece of body wall tissue was used
for genomic DNA extraction using standard phenol/chloroform (Sambrook and
Russell 2001) procedure followed by ethanol precipitation and kept at 4°C for
subsequent use.

Mitochondrial DNA amplification

The complete P corethrurus mitogenome was amplified using seven sets of primers (Table 1)
designed based on sequences retrieved from a previous study (Cunha et al. 2014).

Long PCR targets were amplified using different combinations of the primer sets,
and initially sequenced with the same forward or reverse primers. Subsequent primer
walking method was used to close the sequencing gaps. To ensure the accuracy of the
sequence, every two contiguous segments overlapped by at least 80 bp. PCRs were
performed using ~40 ng of DNA and 0.4 uM forward and reverse primers, 0.2 mM
dNTP mix and 1.25 U Platinum HiFi DNA polymerase buffered with 1X Mg-free
buffer (Thermofisher Scientific, UK). PCR amplification buffer was supplemented
with MgCl, to achieve a final concentration of 1.75mM in a total volume of 25 pl
reaction mixture. The reaction was denatured at 95°C for 3 min, cycled 35 times at
95°C for 305s, 30s at the required primer annealing temperature and 72°C for 1 min
per 1000 bp depending on target fragment length. Negative controls were included
in all PCR amplifications to confirm the absence of contaminants. Before sequenc-
ing, PCR cleanups were performed using Exo-SAP-IT (Amersham Pharmacia, UK)
reagents. Exonuclease 1 (0.25 pl) and Shrimp Alkaline Phosphatase (0.5 pl) were
mixed with the PCR product (10 pl) and incubated at 37°C for 45 min followed by
80°C for 15 min. DNA was sequenced using ABI PRISM" BigDye v3.1 Terminator
Sequencing technology (Applied Biosystems, USA) on an ABI PRISM' 3100 DNA

automated Sequencer.

Sequence editing and analysis

Sequence trace files were corrected and aligned with the MEGA v.7 (Kumar et al.
2016). The sequence overlap and mitogenome assembly were performed using CLC
main workbench v.6 (Qiagen). The annotation of the 13 protein-coding genes and two
rRNA genes were determined using the MITOS v.2 web server (Bernt et al. 2013) and
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Table I. Details of the primers used to amplify the mitochondrial DNA of P, corethrurus.

Primer code | Orientation poAinl:;Zarfl(K;)gp) Nucleotide sequence (5’-3’) Tem;\:‘.[::z::‘% ©C)
FP_1 Forward 2154..2175 CTCTACTATGTACCCAGGAGTG 57.46
RP_1 Reverse 2758..2775 GCGGCCAAGATAAAGCAC 57.67
RP_2 Reverse 3740..3762 | TAGAGGCGGTAAGGAGAAAGTAT 58.61
RP_3 Reverse 5691..5708 CAGAGGCGAGGTAAATTC 53.85
RP_4 Reverse 6356..6373 TGTTCAGGGCTAGGATTG 54.99
FP_5 Forward 7983..8004 ACTAGTGTCACTTACAACAACC 57.16
RP_5 Reverse 8649..8670 TGATAAGGGGGAAAGTCTGATC 56.84
FP_6 Forward 8766..8787 AGTAGCCGCTATAATAGTCCTT 57.91
RP_6 Reverse 10328..10349 | TGATTTGGGGTCAGAGCCGTAG 61.59
FP_7 Forward | 10459..10478 AAAGCTTGGCGGTGCTTCAC 63.23
RP_7 Reverse 11242..11263 | CCTAGTGTGTGTCAGGACGCTT 64.75

Table 2. Representative Clitellata species included in this study for comparison.

Species Family Length (bp) GenBank accession number

Pontoscolex corethrurus Rhinodrilidae 14,835 Present study
Tonoscolex birmanicus Megascolecidae 15,170 KF425518
Amynthas gracilis Megascolecidae 15,161 NC_027258
Duplodicodrilus schmardae Megascolecidae 15,156 NC_029867
Metaphire guillemi Megascolecidae 15,174 NC_029869
Perionyx excavatus Megascolecidae 15,083 NC_009631
Lumbricus terrestris Lumbricidae 14,998 NC_001673
Drawida japonica Moniligastridae 14,648 NC_028050

Hirudo nipponia Hirudinidae 14,414 NC_023776

manually curated using other published annelid mitogenomes as shown in Table 2,
whereas the tRNA genes were identified using the program tRNAscan-SE 1.21 (Lowe
and Eddy 1997). The annotated genome sequence was deposited in GenBank under
accession number KT988053.

Phylogenetic analyses

To clarify the phylogenetic position of P corethrurus within the Clitellata, the complete
mitogenome sequences of eight representative Clitellata species (Table 2) were incorpo-
rated together with the presently obtained P corethrurus mitogenome sequence for phy-
logenetic analysis. Phylogenetic analyses were based on 13 protein-coding genes and the
two rRNA units, which were aligned separately using MEGA v.7 (Kumar et al. 2016)
with minor manual adjustments and then concatenated. The possible bias of substitution

saturation at each codon position of protein-coding genes and two rRNA genes was inves-
tigated using DAMBE v.4.5.57 (Xia and Xie 2001) and MEGA v. 7 (Kumar et al. 2016).
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Two different methods, Bayesian inference (BI) and maximum likelihood (ML)
were used to construct the phylogenetic tree. Bayesian analyses were undertaken with
MrBayes v.3.1.2 (Ronquist and Huelsenbeck 2003) under the best-fit model of nu-
cleotide evolution selected in MrModeltest v.2.3 (Nylander 2004), using the Assign-
ment Index Criterion (AIC). Analyses were run for 1,000,000 generations, and sam-
pled every 100 generations to assess convergence. Trees that produced non-stationary
log-likelihood values were discarded as part of a burn-in procedure and combined the
remaining trees that resulted in convergent log-likelihood scores from both independ-
ent searches. These trees were used to construct a consensus tree.

Maximum likelihood analysis (ML) was performed with MEGA v.7 (Kumar et al.
2016). Initial tree(s) for the heuristic search were obtained automatically by applying
Neighbour-Joining and BioN]J algorithms to a matrix of pairwise distances estimated
using the Maximum Composite Likelihood (MCL) approach and then selecting the
topology with superior log likelihood value. A discrete Gamma distribution was used
to model evolutionary rate differences among sites (5 categories (+G, alpha parameter =
0.9143)). The rate variation model allowed for some sites to be evolutionarily invariable
([+1], 17.7596% sites). The analysis involved nine mitogenome sequences (Table 2). All
positions containing gaps and missing data were eliminated. The bootstrap consensus
tree inferred from 1000 replicates was taken to represent the evolutionary history of the
taxa analysed (Felsenstein 1985).

Results and discussion

Mitochondrial genomic structure

The mitochondrial genome of P corethrurus was determined to be 14 835 bp in
length, comprising 13 protein-coding genes (PCGs), 22 transfer RNAs (tRNAs),
two ribosomal RNAs (rRNAs), and one putative control region with a length of
318 bp (Figure 1).

The mitochondrial genome structure is detailed in Table 3. Gene order and ori-
entation are similar to the previous earthworm mitochondrial genomes (Boore and
Brown 1995; Zhang et al. 2015) but slightly smaller and more condensed (with several
intergenic overlaps, see Table 3). The gene organization is similar to other earthworm
species (e.g. Lumbricus terrestris: Boore and Brown 1995).

The nucleotide composition is asymmetric (31.9% A, 27.9% T, 14.9% G, and
25.3% for C) with an overall A+T content of 59.9%. One remarkable trait of meta-
zoan mitogenomes is the strand-specific bias in nucleotide composition (Hassanin et
al. 2005; Reyes et al. 1998). Such bias is measured as G/C-skew (G%-C%)/(G%+C%)
and A/T-skew (A%-T%)/(A%+T%), respectively (Perna and Kocher 1995). The over-
all GC- and AT-skews of the H-strand of P corethrurus mitogenome were -0.258 and
0.0606, respectively, indicating a compositional bias associated with an excess of C over
G nucleotides and a slight excess of A over T nucleotides on the H-strand.
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Figure I. The mitochondrial genome of Pontoscolex corethrurus (Miiller, 1857). Gene order and positions
are shown, including the putative control region. IUPAC single letter codes are used to identify transfer
RNA. The L1, L2, S1, and S2 transfer RNAs are differentiated on the basis of their anti-codons TAG,
TAA, TCT, and TGA, respectively.

Protein-coding genes

The P, corethrurus genome contained the expected 13 protein-coding genes with a total of
11,131 bp in size, accounting for 75.03% of the whole mitogenome. Most of the PCGs
are initiated with ATG codons, except for ND3 gene, which uses GTG as the initiation
codon. Six PCGs (COX1, ATP8, COX3, ND6, ND3, and ND2) are terminated with an
incomplete codon T or TA, which could be completed to TAA by polyadenylation post-
transcriptionally (Ojala et al. 1981). COX2 and ND1 use TAG as a termination codon.
Nucleotide composition and codon usage frequencies were calculated from a con-
catenated sequence of all protein-coding genes on the H-strand. The base composition
of protein-coding genes revealed a negative bias for A (14.4%), especially at second co-
don positions (12.9%, Table 4). For all protein genes, T was the most frequent nucleo-
tide at the first and third positions whereas G was most frequent at the second position.
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Table 3. Organisation and structure of the P corethrurus mitochondrial genome.

Gene Direction | From To (S;::; Start | Stop i‘:;;l Interg(e;l;;: bases

COX1 + 1 1540 | 1540 | ATG | T- 0
tRNA-A" + 1541 | 1602 | 62 GTIT 0
COX2 + 1603 | 2289 | 687 | ATG | TAG -1
tRNA-? + 2289 | 2351 63 GTC 2
ATP8 + 2354 | 2513 | 160 | ATG | T-- 0
tRNA-T + 2514 | 2576 | 63 GTA -1
tRNA-6Y + 2576 | 2638 | 63 TCC 3
COX3 + 2642 | 3419 | 778 | ATG | T-- 0
tRNA-6 + 3420 | 3488 | 69 TTG 0
ND6 + 3489 | 3954 | 466 | ATG | T- 0
Cytb + 3955 | 5094 | 1140 | ATG | TAA -2
tRNA-T® + 5092 | 5154 | 63 TCA 1
ATP6 + 5156 | 5851 | 696 | ATG | TAA 2
tRNA-*# + 5850 | 5910 | o6l TCG 0
Putative Control Region + 5911 | 6228 | 318

tRNA-Hs + 6229 | 6288 | 60 GTG 0
ND5 + 6289 | 8010 | 1722 | ATG | TAA 3
tRNA-The + 8014 | 8073 | 60 GAA 4
tRNA-6l + 8078 | 8141 | 64 TTC 0
tRNA-"* + 8142 | 8204 | 63 TGG 4
tRNA- T + 8209 | 8272 64 TGT 0
ND4L + 8273 | 8569 | 297 | ATG | TAA -7
ND4 + 8563 | 9921 | 1359 | ATG | TAA 2
tRNA-“* + 9920 | 9986 | 67 GCA 1
tRNA-Mer + 9988 | 10050 | 63 CAT -1
s-TRNA + 10050 | 10838 | 789 -7
tRNA-* + 10832 | 10894 | 63 TAC -2
l-rRNA + 10893 | 12104 | 1212 0
tRNA-! + 12105 | 12166 | 62 TAG 2
tRNA-AR + 12169 | 12230 | 62 TGC 1
tRNA-52 + 12232 | 12293 | 62 TGA 1
tRNA-e? + 12295 | 12360 | 66 TAA 0
ND1 + 12361 | 13290 | 930 | ATG | TAG -1
tRNA-" + 13290 | 13354 | 65 GAT 0
tRNA-» + 13355 | 13417 | 63 TTT 0
ND3 + 13418 | 13770 | 353 | GTG | TA- -1
tRNA-Sr ! + 13770 | 13832 | 63 TCT 0
ND2 + 13833 | 14835 | 1003 | ATG | T-- 0

Ribosomal and transfer RNA genes

Like other mitochondrial genomes (Inoue et al. 2000; Zardoya et al. 1995), twenty-
two tRNA genes were identified (Supplementary figure 1). The tRNA genes were scat-
tered throughout the mitochondrial genome and ranged in size from 60 to 67 bp
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Figure 2. Phylogenetic relationships among phylum Annelida based on the combined 13,416 bp nu-
cleotide positions. Total alignment length is greater than the combined P corethrurus protein coding and
rRNA sequence lengths due to overlapping protein coding sequences that are subsequently concatenated,
and indel regions in the alignment. The posterior probability value of BI analyses and bootstrap support
values of ML analyses (in the order: BI, ML) are indicated near the branches.

(Table 3). The P corethrurus mitogenome also contained a small subunit of rRNA and
a large subunit of rRNA, which were 789 bp and 1212 bp in length, respectively. As in
other Clitellata genomes, these genes were located between the tRNAM* and tRNA™
genes and between tRNAY and tRNA™" genes, respectively (Zhang et al. 2016b).

Non-coding regions

As shown in Table 3, there are 22 intergenic spacer regions, ranging in size from -7 to
4 bp observed in P corethrurus.

As in most Clitellata, the major non-coding region in 2 corethrurus mitochondrial
genome was located between tRNA-*¢and tRNA-. It was determined to be 318 bp
in length, less than other reported Clitellata species (Zhang et al. 2016a), and it had a
base composition that was rich in A and T (A+T=67.6%).

Phylogenetic analyses within the Clitellata

The phylogenetic trees (the 50% majority-rule consensus tree is shown in Figure 2)
were highly consistent regardless of the analytic method used, and were statistically
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Table 4. Base composition for protein-coding, tRNA, and rRNA genes of P corethrurus mitogenome.

Gene/Region T Base (c:omp OSIHOX (%) G A+T (%) | Size (bp)
COX1 27.4 26.7 27.9 18.1 55.3 1,540
COX2 25.8 24.3 34.9 15.0 60.7 687
ATP8 24.4 26.9 36.9 11.9 61.3 160
COX3 27.3 27.5 25.7 19.5 53.0 778
ND6 28.3 26.0 30.3 15.5 58.6 466
Cytb 28.0 27.1 29.7 15.3 57.6 1,140
ATP6 29.6 29.2 30.6 10.6 60.2 696
ND5 27.7 26.7 31.7 13.9 59.4 1,722
ND4L 259 28.3 33.0 12.8 58.9 297
ND4 27.5 27.5 32.3 12.7 59.8 1,359
ND1 28.4 25.8 29.8 16.0 58.2 930
ND3 32.6 26.1 27.2 14.2 59.8 353
ND2 30.0 28.2 30.7 11.1 60.7 1,003

Protein Coding

Ist 30.2 25.4 17.4 27.0 47.6 3,710

2st 24.9 27.6 12.9 34.6 37.8 3,710

3st 36.1 27.9 13.8 22.3 49.8 3,710

Total 30.4 27.0 14.7 28.0 45.1 11,131

tRNA 30.5 17.6 34.9 17.0 65.5 1,391

rRNA 24.1 22.0 37.6 16.3 61.7 2,001

Putative Control Region 31.5 18.9 36.2 13.5 67.6 318

Overall 28.1 25.6 31.8 14.6 59.9 14,835

supported by high posterior probability and intermediate bootstrap values. This phylo-
genetic analysis represented the first investigation of P corethrurus relationships within
the Clitellata based on the complete mitogenome. As indicated by the tree, different
species from the same family clustered together (Megascolecidae: M. guillemi, D. sch-
mardae, A. gracilis, P excavatus and 1. birmanicus), and the species from Lumbricidae
and the P corethrurus formed a monophyletic group. The species D. japonica belongs
to the Moniligastridae, the sister group to Crassiclitellata (earthworms), which ex-
plains its phylogenetic position. The Moniligastridae are not Crassiclitellata because
they have a single cell layer in the clitellum.

Conclusion

For the first time, the sequencing, annotation and analysis of the mitochondrial ge-
nome of a member of Rhinodrilidae was completed. The mitogenome of P corethrurus
was found to be 14,835 bp in length and showed a similar composition in size, low GC
content and gene order to earthworm mitogenomes already available. The complete
mitogenome reported here is expected to allow for further studies of the P corethrurus
phylogeny and for analyses on the taxonomic status of the family Rhinodrilidae.
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X. Theése en Francais : Processus macro- et micro-évolutifs au sein
d’un complexe d’espéces, cas d’étude de ’espéce tropicale et
invasive de vers de terre ; Pontoscolex corethrurus
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Résumé :

Pontoscolex corethrurus est le ver de terre le plus répandu dans les zones tropicales et sub-tropicales ;
il est par conséquent trés étudié en science du sol. Il est présent dans toutes sortes d’habitats, des sols
pauvres de prairie aux sols riches de forét primaire, et ses caractéristiques €cologiques sont bien connues.
Ses caractéristiques biologiques ont été¢ moins étudiées. Peu de données sur la variation génétique au sein
de cette morphoespéce sont disponibles a I’exception de la découverte en 2014 de deux lignées
génétiquement différentes dans I’ile Sdo Miguel des Acores. De plus, son degré de ploidie n’est pas connu
et sa stratégie de reproduction n’est pas bien décrite. L’un des objectifs de cette thése était de comprendre
les mécanismes et les caractéristiques qui font de P. corethrurus un envahisseur efficace. Notre deuxiéme
objectif était de rechercher des lignées cryptiques dans le monde entier et de décrire leurs relations
phylogénétiques. Un troisieme objectif était d’identifier quelle lignée était invasive et de caractériser la
structure génétique de ses populations dans les aires native et d’introduction. Le dernier objectif était de
tester si les différentes especes du complexe avaient différents degrés de ploidie, ce qui pourrait expliquer
I’isolement reproducteur entre ces espéces. Une synthése bibliographique de 265 études couvrant tous les
aspects des connaissances sur P. corethrurus a montré que la stratégie r et la plasticité de ce ver sont les
caractéristiques clefs qui lui permettent d’envahir avec succes différents habitats. Afin d’étudier la diversité
cryptique au sein de P. corethrurus a une échelle mondiale, j’ai examiné 792 spécimens collectés dans 25
pays et iles différents. Ces spécimens ont été analysés a 1’aide de deux marqueurs mitochondriaux (COI et
ADNTr 16S), deux marqueurs nucléaires (internal transcribed spacers 2 et ADNr 28S) et une matrice de
données de séquence multilocus obtenue a ’aide de la méthode AHE (Anchored Hybrid Enrichment). De
plus, un total de 11 caractéres morphologiques, internes comme externes, ont été étudiés dans toutes les
lignées caractérisées génétiquement. Quatre especes cryptiques (L1, L2, L3 et L4) ont été observées au sein
du complexe d’espéces P. corethrurus. Elles ont été trouvées en sympatrie dans plusieurs localités et des
analyses basées sur des marqueurs AFLP n’ont pas montré d’hybridation entre L1 et L3. La possibilité
d’isolement reproducteur lié¢ a des degrés de ploidie différents a été évaluée a I’aide d’expérimentations de
cytogénétique pour lesquelles plusieurs obstacles ont été rencontrés, a différentes étapes. Des résultats n’ont
¢été obtenus que pour L4 (2n = 70). L une des espéces du complexe, L1, était géographiquement répandue.
Cette espece correspondait aux spécimens topotypiques (échantillons provenant du jardin de Fritz Miiller
ou P. corethrurus a été décrit en premier en 1856). Nous avons ciblé cette espéce invasive dans une étude
de génétique des populations et de phylogéographie. En utilisant le gene COI et des marqueurs AFLP, nous
avons révélé une faible diversité génétique dans la zone tropicale, probablement due a des événements de
colonisation récents et a une reproduction asexuelle. Cependant, la diversité génétique relativement élevée
dans certaines populations, associée a un déséquilibre de liaison relativement faible, suggere aussi des
évenements de reproduction sexuelle. A ce jour, ¢’est le premier travail réalisé a 1I’échelle mondiale sur la
diversité génétique cryptique, la génétique des populations et la phylogéographie d’une espece de vers de
terre pérégrine dans la zone tropicale. J’ai produit la premiére revue compléte des caractéristiques de P.
corethrurus. De plus, son statut taxinomique a été clarifié ainsi que sa stratégie de reproduction qui est
mixte (parthénogénese et amphimixie). Ces informations seront utiles pour les expérimentations et les
recherches futures sur les espéces du complexe P. corethrurus.
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Contexte :

Les espéces invasives sont souvent définies comme des espéces qui franchissent une barricre
géographique et colonisent des milieux en dehors de leur zone d'origine. Dans cette thése, la
définition d’une invasion biologique qui sera utilisée a été proposée par Valéry et al., (2008): "une
invasion biologique consiste en l'acquisition d'un avantage compétitif par une espece, suite a la
disparition des obstacles naturels a sa prolifération, ce qui lui permet de se propager rapidement et
de conquérir de nouvelles zones". Le processus d’'invasion par une espece peut se décomposer en
trois étapes principales : 1) l'introduction d'une espece dans un nouvel habitat, 2) la colonisation
initiale et I'installation et 3) la dispersion et la propagation secondaire dans de nouveaux habitats.
Au cours des différentes étapes de ce processus, la dispersion passive par différents vecteurs tels
que ’homme, 1’eau et les autres animaux joue un réle important. La colonisation initiale par une
espece est favorisée par des types de reproduction uniparentale qui permettent I'établissement
d'une nouvelle population sans avoir besoin d'un partenaire pour 1’accouplement, comme
l'autofécondation et la parthénogénése. Une autre qualité importante d'une espece invasive est la
stratégie r (c'est-a-dire un temps de génération court, une fécondité élevée, et des taux de croissance
¢élevés). De plus, le succes de I’installation d’une espéce dans une nouvelle aire géographique est
étroitement li¢ a la plasticité phénotypique et a la capacité compétitive. Ces capacités sont
importantes pour faire face aux différentes conditions environnementales et pour concurrencer
d'autres espéces, en particulier les especes natives.

Les invasions dans les milieux souterrains ont peu attiré 1'attention, principalement en raison
de la nature cryptique de cet environnement. Les vers de terre sont connus pour leur role
d'ingénieurs du sol, c’est-a-dire qu’ils peuvent moduler directement ou indirectement la
disponibilité des ressources des autres especes de I'écosysteme du sol, du fait de leurs activités.
Lorsque des especes de vers de terre exotiques sont introduites dans un nouvel habitat, elles
peuvent altérer la structure du sol, la matiere organique, le cycle des €éléments nutritifs, les
communautés végétales et animales du sol, et remplacer les especes indigénes. La majorité des
especes de vers de terre pérégrines (especes avec une répartition globale, ayant été dispersées par
I’homme) connues appartient a la famille des Lumbricidae, qui compte 30 especes pérégrines. Ces
especes sont principalement étudiées dans les régions tempérées. Malgré I'existence d'un plus
grand nombre d'espéces en zone tropicale, la proportion de nos connaissances sur les especes de
vers de terre pérégrines dans les zones tempérées est beaucoup plus élevée (45 espéces pérégrines
sur 500-600 especes estimées) que dans les régions tropicales (51 especes pérégrines sur plusieurs
milliers d'especes estimées). De plus, plusieurs especes cryptiques (c'est-a-dire, des especes
morphologiquement indiscernables) ont été révélées par les approches moléculaires chez les vers
de terre. Etant donné que la notion d’«espece » est théorique et peut étre parfois difficilement
applicable, De Queiroz (2007) a suggéré que, lorsqu'il y a débat sur le dénombrement des especes
d’un méme genre, nous sommes dans la « zone grise » du processus de spéciation (processus par
lequel une espéce se divise en deux especes ou plus). L’approche de la taxonomie intégrative
permet de trouver la congruence entre différentes disciplines pour estimer le nombre d’espéces
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dans la « zone grise ». Il est important de distinguer les especes cryptiques, car elles influencent
différemment le milieu et réagissent différemment aux pressions environnementales. Par exemple,
chez les vers de terre, la tolérance a la pollution, la période de reproduction, et le régime alimentaire
varient entre les especes. Les vers de terre sont souvent utilisés comme modéles biologiques dans
des études scientifiques (écotoxicologiques, bioindicateurs du sol, etc.), par conséquent, les
résultats pourraient étre biaisés si les expérimentations sont effectuées sur plusieurs espéces ou
lignées sans que les chercheurs n’en aient conscience.

Modéle d’étude :

Pontoscolex corethrurus est I’espéce de vers de terre la plus répandue dans les zones tropicales
et sub-tropicales. Elle est é¢galement I'une des plus étudiées en science du sol et il existe un grand
nombre d'études dans différentes disciplines sur cette morphoespéce. P. corethrurus fait partie de
la famille des Rhinodrilidae et appartient au genre Pontoscolex ou 20 espéces ont été décrites. Le
genre Pontoscolex proviendrait du plateau des Guyanes, ou une grande diversité d'espéces a été
observée. Cette morphoespéce est connue pour étre présente dans un large éventail d'habitats,
allant des sols de paturage pauvres aux sols riches des foréts primaires. En 2014, deux lignées
cryptiques ont été trouvées chez P. corethrurus sur 'ile de Sdo Miguel dans 1'archipel des Acores.
Une de ces lignées a été trouvée dans une plantation d'ananas et I'autre dans un environnement
hostile sur une caldeira volcanique (Furnas). En tant qu'espece invasive, aucune synthése n’existe
sur ses impacts sur l'environnement ou le type d'environnements qu'elle envahit. Au vu de la
détection des lignées cryptiques et considérant que certaines différences pourraient potentiellement
s’expliquer par I’existence de plusieurs especes et non une seule, une telle synthése apparait
nécessaire. De plus, malgré un nombre élevé d'études sur les aspects €cologiques, peu d'é¢tudes
biologiques ont été réalisées a ce jour sur cette morphoespéce, donc aucune information n’est
disponible sur le degré de ploidie, la stratégie de reproduction et le placement phylogénétique de
P. corethrurus. Cette these, ainsi que la publication du génome mitochondrial de P. corethrurus
par Conrado et al. (2017, Annexe 1), contribuent a combler les lacunes des connaissances sur cette
morphoespece.

Objectifs de thése :

\

Dans cette theése, j’ai cherché a comprendre quels mécanismes et caractéristiques sont
responsables du succes de l'invasion de 1’espece de vers de terre invasive et pantropicale
Pontoscolex corethrurus. Dans le méme temps, comme deux lignées cryptiques ont déja été
trouvées chez P. corethrurus, j’ai cherché a savoir s’il existe encore plus d’espéces cryptiques dans
la zone tropicale. Ensuite, j’ai cherché a déterminer si seulement une de ces lignées est invasive
ou si plusieurs le sont. J’ai également voulu comprendre les routes d'invasion et la structure
génétique de(s) I’espece(s) invasive(s) dans le complexe P. corethrurus dans différentes
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populations a travers le monde. Soulignons que ces questions ont rarement ét¢ étudiées pour les
especes de vers de terre pérégrines et tropicales. Enfin, je me suis intéressée a la question de
I’existence d’un « complexe polyploide », chez le complexe de P. corethrurus, c’est-a-dire un
complexe d'especes ayant des degrés de ploidie différents. Ces objectifs ont été développés a
travers quatre chapitres.

Résumés des chapitres de thése :
Chapitre 1: Comment définir les impacts «positifs» et «négatifs» des especes invasives?

Les vers de terre invasifs sont souvent considérés comme nuisibles pour I'environnement, en
ayant des impacts négatifs sur 1'écosystéme et les espéces natives. Ce chapitre synthétise 265
¢tudes portant sur tous les aspects actuels de notre connaissance sur 1’espéce de vers de terre
invasive P. corethrurus depuis 1857 a 2017 : sa distribution, sa morphologie, ses caractéristiques
biologiques et écologiques, ainsi que ses impacts sur les caractéristiques du sol et des
communautés. Les résultats soulignent que les principaux traits écologiques expliquant le succes
de l'invasion de P. corethrurus sont la reproduction par parthénogénese et la stratégie r. Pour
s'établir dans un nouvel environnement, les principaux atouts de cette espeéce sont la plasticité
phénotypique et la compétitivité. D’autre part, sa présence a des effets aussi bien négatifs que
positifs sur I’écosystéme qu’elle envahit en fonction des caractéristiques propres a 1’environnent
(pH du sol, espéces natives, especes de plantes, et type du sol). Dans ce chapitre, nous soulignons
le fait que les données sur les interactions de P. corethrurus avec la macrofaune du sol, autre que
les vers de terre, sont rares. Enfin, les éléments disponibles n’ont pas permis de déterminer si les
différentes études de la synthése avaient pu étre réalisées sur différentes lignées cryptiques. Ce
chapitre a fait I'objet d'un article qui a été publié dans la revue Soil Biology and Biochemistry en
janvier 2018.

Chapitre 2: Y a-t-il plusieurs espéces invasives dans un complexe d'especes envahissantes?

Bien que les interactions écologiques de P. corethrurus avec son environnement soient bien
documentées, le statut taxonomique de l'espéce reste incertain. Dans ce deuxiéme chapitre, nous
avons étudié les relations phylogénétiques au sein du genre Pontoscolex, en se concentrant sur les
lignées morphologiquement indiscernables (c'est-a-dire, cryptiques). Un total de 792 échantillons
prélevés dans 25 pays et lles du monde ont été analysés en utilisant deux marqueurs
mitochondriaux (COI et 16S ADNTr) et deux marqueurs nucléaires (ITS2 et 28S ADNr). Onze
caractéres morphologiques internes et externes ont été étudiés dans toutes les lignées
génétiquement caractérisées. Une matrice de données de s€quences multi-locus a grande échelle a
¢galement ¢été obtenue pour Pontoscolex spp., en utilisant la méthode «Anchored Hybrid
Enrichment» (AHE). Les analyses phylogénétiques et phylogénomiques multi-locus, combinées a
des analyses de délimitation d'espéces par les approches mono-locus (mPTP, ABGD) et multi-
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locus (BPP), ont révél¢ des résultats congruents. Quatre espéces cryptiques ont été trouvées dans
le complexe d'espéces P. corethrurus, ainsi que quatre especes potentiellement nouvelles dans le
genre Pontoscolex. Une lignée trés répandue (L1), dans le complexe de P. corethrurus, a été
observée dans la population actuelle du jardin de Fritz Miiller ou I’espéce a été décrite pour la
premigére fois en 1856. Des lignées cryptiques ont été observées en sympatrie a plusieurs endroits.
Cecti, en plus de I'hétéroplasmie observée dans le géne COI dans une population a Taiwan, souléve
la question de l'isolement reproductif entre les espéces cryptiques. Ce chapitre a fait 1'objet d'un
article qui a été accepté pour publication sous réserve de révisions mineures dans la revue
Molecular Phylogenetics and Evolution le 11 décembre 2017.

Chapitre 3: Phylogéographie et génétique des populations d'une espéce invasive de vers de
terre pérégrine

Dans le chapitre 2, quatre especes cryptiques ont été mises en évidence dans le complexe de
P. corethrurus (L1, L2, L3 et L4). Dans 7 populations sur les 116 étudiées certaines de ces especes
ont été observées en sympatrie. De plus, le chapitre 2 a montré que P. corethrurus L1 est
particulierement répandu dans le monde, ce qui suggere de bonnes capacités d'invasion chez cette
espece. Dans ce chapitre 3, nos objectifs ont été¢ d'étudier ’hybridation entre les especes cryptiques
vivant en sympatrie et de réaliser une étude phylogéographique a grande échelle pour P.
corethrurus L1. Les hypothéses testées étaient que (i) un "super-clone" a colonisé une grande
diversité de milieux dans le monde, (ii) la diversité clonale est plus faible dans la zone
d’introduction que dans la zone native, et (ii1) L1 a une stratégie de reproduction mixte. Cette ¢tude
a été menée a partir d'échantillons provenant de 16 pays de la zone (sub)tropicale: Brésil, Pérou,
Guyane frangaise, Trinité-et-Tobago, Mexique, Sainte-Lucie, Saint-Vincent, Martinique, Acores,
Gabon, Madagascar, Thailande, Malaisie, Taiwan, Philippines et Hawai. L’admixture génétique
au sein de trois populations ou L1, L3 et L4 ont été détectées en sympatrie, a été analysée en
utilisant 57 profils AFLP. De plus, des analyses de la variation génétique des populations L1 de P.
corethrurus ont été effectuées en utilisant a la fois des informations génétiques nucléaires (226
profils d’AFLP) et mitochondriales (479 séquences COI). Aucune preuve d'hybridation entre les
especes n’a €té obtenue. Au sein de ’espece L1, une faible diversité génétique a €té révélée pour
COlI, avec un haplotype majeur (H1) partagé par 72% des spécimens. Une longue histoire
d'invasion et de multiples réintroductions de spécimens provenant de différentes parties du monde
peuvent expliquer le niveau de diversité génétique similaire entre les régions d’introduction et la
région d’origine. Bien que les AFLPs aient permis d’identifier un nombre significatif de clones
dans certaines populations, aucun clone n’a été trouvé dans plusieurs populations. Le niveau
relativement élevé de diversité clonale a donc permis de rejeter I'hypothése d'invasion par un «
super-clone ». L'absence de clones, la diversité génétique élevée et de faibles valeurs de
déséquilibre gamétique ont été observées dans plusieurs populations. Ces résultats suggerent des
évenements de recombinaison dans certaines populations et par conséquent une stratégie de
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reproduction mixte (parthénogénese et reproduction sexuée) semble probable chez P. corethrurus
L1.

Chapitre 4: Degré de ploidie des spécimens du complexe Pontoscolex corethrurus

Connaitre le degré de ploidie et le nombre de chromosomes d'un organisme est indispensable
avant d'entreprendre des études empiriques en écologie et en biologie. Le caryotype et le degré de
ploidie sont déja connus pour plusieurs espeéces de vers de terre. Cependant, cette information
mangque encore pour certaines especes, en particulier celles utilisées fréquemment comme modeéles
biologiques en écotoxicologie, biorémédiation du sol, ou comme bioindicateur de la qualité du sol,
comme c’est le cas pour la morphoespece Pontoscolex corethrurus. Dans le deuxiéme chapitre,
nous avons montré que cette morphoespece correspond en réalité a un complexe de quatre espéces
cryptiques. L'étude présentée dans ce quatriéme chapitre s’est attachée a développer un protocole
de caryotypage fonctionnant sur des spécimens du complexe P. corethrurus, afin d'étudier les
degrés de ploidie des espéces du complexe et de tester I’hypothése d’un complexe polyploide. En
effet, des degrés de ploidie différents parmi les espéces d’un méme complexe pourraient expliquer
l'isolement reproductif entre ces especes. Nous avons déterminé le degré de ploidie de P.
corethrurus L4, avec 2n = 70 chromosomes. La spermatogencse a également été observée pour
cette espece du complexe, suggérant la reproduction sexuée chez cette espece. En raison de
différents problemes rencontrés lors des expérimentations cytogénétiques, nous ne sommes pas
parvenus a déterminer le degré de ploidie des autres espéces du complexe. Ce chapitre, bien qu’il
soit structuré comme un article scientifique, ne sera pas soumis a publication, a cause du peu de
résultats positifs.

Conclusion et perspectives générales :

Cette these constitue le premier travail alliant phylogénétique, phylogéographie, génétique des
populations et cytogénétique pour étudier une espece de vers de terre invasive et pérégrine sur un
grand nombre de pays dans la zone tropicale et subtropicale. Elle a permis de mettre en évidence
I’existence de quatre nouvelles especes dans le genre Pontoscolex, ainsi que I’existence de quatre
especes cryptiques dans le complexe de P. corethrurus (L1, L2, L3 et L4). L’ isolement reproductif
dans le complexe a été étudié entre P. corethrurus L1 et L3 (en raison d’un manque d’individus,
il n’a pas été possible de I’étudier pour P. corethrurus L2 et L4). Les résultats ont montré I’absence
du flux de genes, indiquant qu’il n’y a pas d’hybridation entre ces deux especes. On peut donc
supposer qu’elles ont passé la « zone grise » dans le processus de spéciation, ce qui confirme la
distinction en deux especes. Dans cette theése, on a également pu répondre a une question rarement
posée : chez une morphoespece pérégrine, ou des espéces cryptiques ont été trouvées grace aux
outils moléculaires, est-ce qu’une seule espece est invasive, plusieurs ou toutes ? Dans le cas
présent, P. corethrurus L1 semble la seule espece invasive dans le complexe. Les raisons du succes
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de son invasion pourraient étre la plasticité, la compétitivité, la stratégie r et un régime mixte de
reproduction. En effet, la forte diversité génétique observée dans certaines populations et les
valeurs faibles de déséquilibre de liaison ont suggéré la reproduction sexuée chez cette espece
invasive. Elle serait donc capable de reproduire da fagcon sexuée et par parthénogénése. On peut
formuler I’hypothése que, dans les premicres étapes de la colonisation, la stratégie de reproduction
employée serait la parthénogénése, alors que dans les populations installées depuis longtemps, on
peut proposer que la reproduction soit mixte, avec une parthénogénése facultative.

Un autre objectif a été de tester ’hypothése de « complexe de polyploidie », mais divers
obstacles rencontrés lors des expérimentations cytogénétiques n’ont pas permis de confirmer cette
hypothése. La seule espéce dont le degré de ploidie a pu étre déterminé est P. corethrurus L4, pour
lequel il est égal a 2n=70. De plus, chez cette espece, la preuve de spermatogénése suggere la
reproduction sexuée. La question reste donc ouverte, et il serait intéressant d’examiner plus de
spécimens pour vérifier cette hypothése. Un de nos collaborateurs au Brésil, Luis Cunha, s’est
aussi intéressé au degré de ploidie dans le complexe de P. corethrurus et, par la méthode de
cyrtométrie en flux, il a confirmé la diploidie de P. corethrurus L4. 1l a aussi mis en évidence que
P. corethrurus L1 est diploide, Ses résultats ont été obtenus sur des spécimens provenant des
populations d’une plantation d’ananas et de la caldera du volcan Furnas, aux Acores.

Dans la littérature, il est suggéré que le plateau des Guyanes soit I’aire native du genre
Pontoscolex. En revanche, dans notre étude de génétique des populations, des niveaux similaires
de diversité génétique ont été observés dans les populations de 1’aire native et celles introduites,
ne permettant pas de confirmer cette hypotheése. La difficulté a distinguer aire native et aire
introduite a partir de données génétiques pourrait également s’expliquer par I’histoire ancienne de
colonisation de cette espece dans le monde entier, avec de nombreuses réintroductions par
I’homme. De ce fait, les routes d’invasion de I’espéce sont impossibles a retracer.

En comparant un plus grand nombre de populations et de spécimens, on pourrait imaginer
trouver plus d’especes cryptiques, et de trouver plus de variations génétiques entre les populations
a travers le monde entiére.
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Abstract

Pontoscolex corethrurus is the most widespread earthworm species in the tropical and sub-tropical
zones, it is hence one of the most studied earthworm in soil science. Ecological aspects of P. corethrurus,
which is known to be present in a wide range of habitats from poor soils of pasture to rich soils of primary
forest, were intensively investigated but biological aspects are less addressed. In particular, information
on the genetic variation within the morphospecies is scarce except for the finding of two genetically
differentiated lineages in Sao Miguel Island of Azores archipelago in 2014. Moreover, the ploidy degree of
the morphospecies is not yet known and its reproduction strategy is not well understood. One of the
objectives of this thesis was to understand the mechanisms and characteristics which make P. corethrurus
a successful invader. Our second objective was to look for cryptic lineages in the whole world and to
describe the phylogenetic relationships between them. A third objective was to identify which lineage was
invasive and to characterize its population genetic structure in the native and the introduced ranges. The
last objective was to test if the different species of the complex have different ploidy degrees (polyploid
complex). This could eventually explain the reproductive isolation among these species. A bibliographic
synthesis of 265 studies covering all subjects of knowledge on P. corethrurus showed that the r strategy
and plasticity of this earthworm are the key characteristics which make it a successful invader in different
habitats. In order to investigate the cryptic diversity within P. corethrurus in a world-wide scale, I examined
792 specimens collected from 25 different countries and islands. These specimens were analyzed using two
mitochondrial (COI and 16S rDNA) and two nuclear (internal transcribed spacers 2 and 28S rDNA) markers
and a large-scale multilocus sequence data matrix obtained using the Anchored Hybrid Enrichment (AHE)
method. In addition, a total of 11 morphological characters, both internal and external, were investigated in
all genetically characterized lineages. Four cryptic species (L1, L2, L3 and L4) were found within the P.
corethrurus species complex, and four potentially new species within the genus Pontoscolex. The cryptic
species were observed in sympatry at several localities, and analyses based on AFLP markers showed no
hybridization among L1 and L3. The possibility of reproductive isolation among species of the complex
because of different ploidy degrees was investigated by cytogenetic experimentations. Due to different
obstacles encountered at different steps of the experimentations, results were just obtained for L4 (2n=70).
One of the species belonging to the complex, L1, was particularly widespread per comparison with the
others. This species corresponded to topotype specimens (samples from Fritz Miiller’s garden where P.
corethrurus was first described in 1856). Thus, we focused on this invasive species in a population genetics
and phylogeography study. Using COI gene and AFLP markers, we revealed low genetic diversity through
the tropical zone, probably due to recent colonization events and asexual reproduction type. Meanwhile,
due to weak linkage disequilibrium and relatively high genetic diversity in some populations, sexual
reproduction was suggested for L1. To date, this is the first study investigating at a world-wide scale, cryptic
species diversity, population genetics and phylogeography of a peregrine earthworm species throughout
tropical zone. I produced the first comprehensive review of all ecological and biological aspects of P.
corethrurus. Moreover, the taxonomic status of P. corethrurus was clarified as well as its reproduction
strategy which is mixed (parthenogenetic and sexual). All these findings represent potentially useful
information for future experimentations and researches on species of P. corethrurus complex.
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