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Abstract 

The anciently asexual bdelloid rotifers are a ubiquitous and ecologically important group coined 

“evolutionary scandals” owing to their diversification and persistence over evolutionary time despite 

the pressures of obligate parthenogenesis. Understanding the biodiversity of rotifers, in the context of 

reproductive mode, will aid in the understanding of how differences in sex and ecology drive 

biodiversity patterns. 

Given that resolved taxonomy is a prerequisite to investigating larger scale macroevolutionary 

patterns, and that rotifer taxonomy is confounded by morphostasis, cryptic diversity, and a dearth of 

expert taxonomists, this thesis first deals with the use of DNA taxonomy as a tool to alleviate the 

taxonomic crisis so prevalent in the group. Results from multiple meta-analyses exploring the effects 

of choice in gene, phylogenetic reconstruction methods, and species delimitation metrics, provide 

better guidelines for DNA taxonomy. The analyses suggest that coalescent-based DNA taxonomy 

using the Generalised Mixed Yule Coalescent model in conjunction with the cytochrome oxidase 1 

subunit c gene analysed in a Bayesian inference phylogenetic framework using BEAST, provides 

realistic and tangible species clusters (evolutionarily significant units; ESU) in both asexual and 

sexual organisms. 

Using these ESUs, the efficacy of DNA barcoding for identifying rotifer species is examined. These 

analyses suggest that the sexual monogonont rotifers are more readily identifiable than the asexual 

bdelloid rotifers. Explicit comparison of genetic discreteness of asexual and sexual rotifers indicates 

that sexual rotifers are separated by larger genetic and phylogenetic gaps than asexual rotifers and 

thus are more discrete. Combined, these analyses indicate that sex, specifically reproductive isolation, 

is the predominant factor in explaining why species form discrete clusters rather than a continuum of 

forms. 

Finally, a dated multilocus molecular phylogeny of Bdelloidea is reconstructed. The phylogeny 

suggests that bdelloid rotifers have persisted for at least 40 million years, but that bdelloid higher taxa 

are typically polyphyletic.
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Chapter 1: Introduction 

Sex is the predominant reproductive mode throughout the animal kingdom (Williams 1975; Maynard 

Smith 1978; Bell 1982; Michod and Levin 1988); despite theorised costs, more than 99% of animal 

life reproduces sexually (White 1978; Ashman et al. 2014). These costs comprise lower population 

growth rate with males contributing nothing but genes to the next generation (two-fold cost of males; 

Maynard Smith 1978), the energy costs and the potential burden of sexually transmitted diseases and 

predators associated with finding a suitable mate (Bell 1982), and the disruption of favourable genetic 

combinations (Bell 1982; Kondrashov 1993). The benefits of sex must exceed the associated costs and 

are the subject of more than 20 non-mutually exclusive theories (West et al. 1999; Butlin 2002). 

These theories fall into two categories (Hurst and Peck 1996): (1) the increased rate of adaptive 

evolution to changing environments and the various benefits these underlie (Weismann 1889; Burt 

2000; Otto and Lenormand 2002; Goddard et al. 2005), a special case of which would include 

adapting to the relentless pressure of rapidly coevolving parasites and pathogens (Red Queen 

hypothesis; Jaenike 1978; Hamilton et al. 1990); and (2) the removal of deleterious mutations through 

recombination (Muller 1932; including transposable elements; Arkhipova and Meselson 2005; 

Schurko et al. 2009). Despite decades of academic pursuit, the question why sex is still regarded as 

one of the biggest unexplained evolutionary conundrums. 

By corollary, asexual lineages are prone to extinction because they are unable to quickly adapt in the 

face of change (Fisher-Muller advantage of sex; Fisher 1930; Muller 1932), or because they are prone 

to extinction resulting from an insurmountable mutation load (Muller’s ratchet; Muller 1932; 

Maynard Smith and Száthmary 1995). As such, asexually reproducing groups are short lived, 

peripherally distributed across the tree of life (Butlin 2002), and foreshadowed as an evolutionary 

dead-end with a swift ticket to extinction (Maynard Smith 1978). Contrary to this general pattern, 

however, ancient asexual organisms exist that have persisted over evolutionary timescales (Judson 

and Normark 1996; although what constitutes being “ancient” is debatable - Neiman et al. 2009) and 

diversified into ecological, morphological, and genetic clusters akin to sexual species (Schön and 

Martens 2003; Birky et al. 2005; Fontaneto et al. 2007d; Heethoff et al. 2009; Bode et al. 2010; 

Danchin et al. 2011; Schwander et al. 2011; Schön et al. 2012). These so called ancient asexuals 

present a significant challenge to evolutionary theory, and as such have been coined evolutionary 

scandals (Maynard Smith 1986; Judson and Normark 1996). Studying these ancient asexual scandals 

and how they cope with the consequences of asexuality gives insight into the ubiquity of sex and how 

important sex, or the lack of sex, is in shaping biodiversity (Coyne and Orr 2004; Neiman et al. 2009). 

Bdelloid rotifers are widely accepted as the best supported case for ancient asexuality (Poinar and 

Ricci 1992; Birky 2010; Danchin et al. 2011; Flot et al. 2013). Bdelloidea is a class of meiofaunal 

microinvertebrates belonging to the phylum Rotifera (Wallace et al. 2006), which comprises a highly 
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diverse (Segers 2007), ubiquitous (Fontaneto et al. 2008a), euryoecious (Wallace et al. 2006), and 

ecologically important group (Hutchinson 1967). As well as their ancient asexual status (recently 

strengthened by genomic analyses, Flot et al. 2013, reviewed in detail below), this group is unique 

among other Metazoa given their incredible tolerance to various stresses such as desiccation (Ricci et 

al. 2007; Gladyshev 2008), and high prevalence and functionalisation of horizontally transferred 

genes (Pouchkina-Stantcheva et al. 2007; Gladyshev et al. 2008; Boschetti et al. 2012), and therefore, 

have been studied for a diverse catalogue of ecological and evolutionary novelties. Indeed their 

ancient asexuality, when framed with the variety of reproductive modes in the Rotifera phylum, 

makes the study system a rare opportunity to test hypotheses regarding the consequences of 

asexuality. 

Rotifera 

Rotifers were first discovered by Anton van Leeuwenhoek in the late 1600s (Wallace and Smith 

2013). Rotifers, Latin for wheel bearer, are named after the cephalic appendages (trochi) they use to 

beat detritus into their digestive tracts, which resemble rotating wheels. Rotifera is a phylum of 

miniscule (ca. 50-2,000μm), unsegmented, bilaterally symmetrical metazoans that are ubiquitous in 

aquatic environments worldwide (Segers 2008); these include fresh-, brackish and marine waters, in 

soil, lichen, mosses, and other ephemeral environments (Wallace and Smith 2013; Walsh et al. 2014). 

Rotifers are commonly dominant in terms of species richness and abundance in many habitats as 

plankton, interstitial sediments, and periphyton (Wallace et al. 2006). They are typically primary 

consumers (Ricci et al. 2001) and detritivores (Wallace 2002), although some groups have a diverse 

array of dietary habits (Melone et al. 1998a; Ricci et al. 2001), and are considered as “the most 

important soft-bodied invertebrates in the fresh-water plankton” (Hutchinson 1967). Despite their 

wide distribution, they have a very uniform morphology, which has led some to suggest that natural 

selection has had little effect on their morphological characteristics (Ricci 1987). 

Rotifera diversity is split into three classes: the Seisonacea (four species), the Monogononta (1,570 

species), and the Bdelloidea (461 species), and these differ in their reproductive mode (Segers 2007). 

Seisonids are sexual and monogononts are cyclically parthenogenetic, both have a sexual stage in 

their life cycle with meiosis, pairing of chromosomes, chiasmata, the reduction in ploidy, the 

subsequent formation of gametes, and the restoration of the full ploidy level upon fertilisation (Gilbert 

1988). The parthenogenetic phase of monogononts is apomictic (consult Fig. 1.1 for full life cycles). 

Bdelloid rotifers are obligate parthenogens (more precisely apomictic thelytoky; Hsu 1956) whereby a 

female produces daughters from unfertilised eggs; explicitly, there is no meiosis, chromosomes do not 

pair, and the oocyte undergoes a single “mitotic” cell division, thereby passing on a perfect clone of 

their genotype to the offspring (Gilbert 1993). Some studies also place Acanthocephala, macroscopic 

parasitic worms, within the same clade as rotifers (Garey and Near 1996; Garey et al. 1998; García-
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Varela and León 2000; Min and Park 2009; Lasek-Nesselquist 2012), although the relationships 

remain controversial (Fontaneto and Jondelius 2011). Acanthocephala are obligate sexuals. 

Conclusions from comparative studies looking into differences in biodiversity patterns with respect to 

reproductive mode can be used reflectively to postulate the predominance of sex despite its costs and 

to answer questions such as why do species exist as discrete entities (Tang et al. 2014b)? The 

disordered rotifer taxonomy throughout its hierarchy, however, threatens their use in evolutionary 

studies. 

Figure 1.1 The typical rotifer life cycle. 

Bdelloid rotifers reproduce exclusively via apomictic parthenogenesis, while monogononts have a 

sexual phase induced by density dependent environmental cues. This figure is adapted from 

information in Serra and Snell (2009). 

 

Defining asexual species 

The existence of asexual species is controversial (Dobzhansky and Dobzhansky 1937; Dobzhansky 

1950; Hull 1980; Coyne and Orr 2004). Most asexual lineages do not persist for long enough to 

diversify, and those that do form entities that are incompatible with certain criteria of the biological 

species concept (i.e. they are never “potentially interbreeding” - Mayr 1942; de Queiroz 2005a). A 

naïve view, borne out of the idea that gene flow is the only force that unites populations into lineages 

(e.g. Dobzhansky and Dobzhansky 1937), is that clonal organisms are expected to form a continuum 

of genetic variation, instead of discrete species (e.g. Sepp and Paal 1998). Assuming that birth and 
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death are equally probable throughout the population, and that there is no carrying capacity, the 

accumulation of independent mutations from parent to the nth generation will manifest as a 

continuous distribution of genetic variation. This scenario, however, is unrealistic (Barraclough et al. 

2003). 

Barraclough et al. (2003) formulated a general theory of speciation for both asexual and sexual 

organisms. Briefly, populations are limited by finite resources, and owing to either stochastic effects 

or natural selection, birth and death rates for each member of a population are not equally probable, 

such that random extinction and unequal birth rates act to form transient clusters separated by shallow 

gaps. However, allopatric speciation by physical isolation or sympatric speciation by divergent 

selection for adaptation to different niches can result in the formation independent arenas for the 

evolutionary processes of mutation, selection, and drift. Given enough time, physical isolation or 

divergent selection result in the formation of discernable clusters akin to species. Allopatric speciation 

in asexuals occurs in much the same way as for sexual organisms, but sympatric speciation might be 

easier because it is unencumbered by gene flow breaking down independent evolutionary histories. 

Asexual clusters formed in this way have characteristics that match the criteria of several species 

concepts: they form independently evolving, reciprocally monophyletic (after a sufficiently long 

divergence time) genotypic clusters (Evolutionary - Simpson 1951; Phylogenetic - Rosen 1979; 

Evolutionary Genetic species concept Birky et al. 2010), they might accrue phenotypic differences 

under neutrality (Phenetic species concept - Sokal and Crovello 1970) or ecological and phenotypic 

differences by divergent selection (Ecological species concept - Van Valen 1976), and clusters that 

form by divergent selection in sympatry are unlikely to merge again (encapsulating some of the 

criteria of the biological species concept - Mayr 1942 - although without reference to gene exchange). 

These species are observable as clusters separated by long gaps and diagnosable by species 

delimitation methods (Birky and Barraclough 2009) such as the Generalised Mixed Yule Coalescent 

model (GMYC - Pons et al. 2006; Fontaneto et al. 2007d; Fujisawa and Barraclough 2013) or the K/θ 

model (Birky et al. 2005), both discussed further below. Whether these gaps are equivalent in asexual 

and sexual organisms (i.e. how discrete species are) is only recently known (Tang et al. 2014b). 

Ancient asexuality 

Bdelloid rotifers 

The ancient asexual status of bdelloid rotifers is supported by multiple lines of evidence (Judson and 

Normark 1996; Mark Welch and Meselson 2000; Danchin et al. 2011). Despite much study since the 

eighteenth century (Danchin et al. 2011), amounting to nearly half a million observed individuals 

(Birky 2010), not a single male has been found. Genomic evidence suggests that the chromosomal 

structure of bdelloids (at least in Adineta vaga) is incompatible with meiosis (Flot et al. 2013), such 
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that allelic regions have been rearranged, on occasion into palindromic sequences on the same 

chromosome. The accumulation of deleterious mutations in the absence of meiosis (Barraclough et al. 

2007) and the absence of deleterious transposable elements, that would otherwise drive asexual 

lineages to extinction, is consistent with bdelloids being asexual (Arkhipova and Meselson 2000; 

Schurko et al. 2009). Fossil evidence (Poinar and Ricci 1992) suggest that bdelloid rotifers have gone 

without sex for at least 40 million years, a figure congruent with phylogenetic analyses (Tang et al. 

2014b) and in this time bdelloid rotifers have diversified into a rich array of species (Donner 1965; 

Barraclough et al. 2003; Fontaneto et al. 2007d, 2009; Birky et al. 2011; Iakovenko et al. 2013). 

Other putatively ancient asexual systems other than bdelloid rotifers exist (e.g. oribatid mites - 

Heethoff et al. 2009; darwinulid ostracods - Schön et al. 2009; Timema stick insects - Schwander et al. 

2011; see Danchin et al. 2011) but none are as conclusive or accessible as the Rotifera system (as 

described below but also reviewed in Judson and Normark 1996; Normark et al. 2003; Schurko et al. 

2009; Danchin et al. 2011). 

Oribatid mites (Acari: Arthropoda) 

High genetic divergences between clades of exclusively parthenogenetic oribatid mites and their 

sexual siblings, indicate that asexuality has evolved multiple times (Maraun et al. 2003) up to 100 

million (Heethoff et al. 2007) or 200 million years ago (Hammer and Wallwork 1979). The ancient 

asexual status of oribatid mites is debatable owing to the discovery of rare sterile males (Palmer and 

Norton 1991), and the re-evolution of sexuality from parthenogenetic ancestors (Domes et al. 2007; 

although this may be an artefact of improper statistics, see Goldberg and Igić 2008). Whether or not 

all of these rare non-functional spanandric males are functional at a population level is debatable 

(Palmer and Norton 1992). 

Darwinulid ostracods (Ostracoda: Arthropoda) 

Ostracod crustaceans are of particular interest for the study of sex because the group has a high 

incidence of transitions from sex to asex (Bell 1982; Chaplin et al. 1994) and one of the best fossil 

records (Moore 1961). Prior to 2006, no living darwinulid ostracod males had been observed (Schön 

et al. 2009), although two putative males fossils had been proposed (Brady and Robertson 1870; 

Turner 1895). The legitimacy of ancient asexuality in the group has been cast into doubt with the 

discovery of three living males of the Vestalenula genus (Smith et al. 2006), which have sexually 

dimorphic antennae and fifth limb morphologies but misleadingly similar carapace shape and size to 

juvenile females. Proponents of the darwinulid ancient asexuality argue that these rare males are 

probably non-functional atavisms with no evidence of copulation or sperm (Martens and Schön 2008; 

Schön et al. 2009), and that even if rare functional males existed, they would be ineffective at a 

population level (Birky 2010). It could be argued that maintaining the ability to produce 

morphological males for many millions of years without the production of sperm seems implausible. 
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Timema stick insects (Pterygota: Arthropoda) 

Timema stick insects are a relatively species poor genus of at least five species. Molecular evidence, 

namely high intraspecific divergence of mitochondrial sequence and nuclear allele divergence patterns 

(Meselson effect accredited to Mark Welch and Meselson 2001; although see White 1945), and 

accumulation of deleterious mutations (Schwander et al. 2011; Henry et al. 2012), indicates that 

Timema stick insects have persisted for a relatively recent time of up to 2 million years without sex. 

Root knot nematodes (Secernentea: Nematoda) 

Root knot nematodes (Meloidogyne) comprise a genus of at least 97 species (Hunt and Handoo 2009) 

and has independently evolved obligate asexuality twice (Holterman et al. 2009; although likely 3-4 

times - D. Lunt pers. comm.). The ancient asexual status of root knot nematodes is not primarily based 

on the lack of males (for which males are usually very rare in the wild, but can be environmentally 

induced; Castagnone-Sereno 2006; Snyder et al. 2006), but on genomic characteristics such as high 

levels of aneuploidy and variable chromosome numbers within species (Sasser and Carter 1985; 

Castagnone-Sereno 2006), allelic sequence divergence, and paralogous allele effects (Lunt 2008). 

Molecular analyses of the mitochondrial DNA indicates that parthenogenesis in the group could be 

upto 80 million years (Hugall et al. 1997), although Lunt (2008) suggests a recent origin by 

interspecific hybridisation. 

Comparing patterns of biodiversity between asexual and sexual lineages, in a group with enough 

diversity, and of sufficient age, provides insights into how sex acts in forming them. This thesis makes 

comparisons between bdelloid and monogonont rotifers, the Eurotatoria, a group of high diversity, 

with large bank of available genetic data, and where evidence contradicting the ancient asexual status 

of bdelloid rotifers is yet to surface. 

Taxonomy 

The meiofauna, rotifers included, are among the last frontiers of undiscovered biodiversity (Creer et 

al. 2010; Curini-Galletti et al. 2012). This polyphyletic group of microinvertebrates (defined as 

animals that can pass through a 500µm mesh) harbours unprecedented levels of diversity (Creer et al. 

2010; Fonseca et al. 2010), a high degree of morphostasis and taxonomic crypsis (e.g. Fontaneto et al. 

2009; Tang et al. 2012), and include representatives from approximately 60% of animal phyla (Creer 

and Sinniger 2012). Blaxter et al. (2004) described the description of rare novelty in meiofaunal 

groups as a “Herculean task”, this is perhaps reflected in the waning number of new descriptions since 

a peak in the 1930s (Fig. 1.2), the growing number of ecologists using molecular operational 

taxonomic units (MOTUs, described below) detached form their corresponding “species” names 

(Blaxter et al. 2005), and the wider adoption of next generation sequencing technologies (Bik et al. 

2012b; e.g. Creer and Sinniger 2012). 
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Figure 1.2 Description of new bdelloid (red) and monogonont (blue) rotifer species from 1750 to 

present day. Records extracted from Segers (2007). 

 

Good, resolved taxonomy is central to biodiversity studies, unfortunately Bdelloidea and its phylum 

Rotifera are problematic taxonomic groups (Fontaneto 2014). Bdelloidea is a relatively diverse class 

consisting of three orders (Adinetida, Philodinavida, and Philodinida), four families (Adinetidea, 

Habrotrochidae, Philodinavidea, and Philodinidea), and approximately 460 species split over 19 

genera (Donner 1965; Melone and Ricci 1995; Melone et al. 1998b; Segers 2007). Some 

morphological characters (e.g. spine presence, spine length, lorica constriction) historically used to 

diagnose species are plastic and hold inconsistent taxonomic validity (Zhang et al. 2010; Leasi et al. 

2013; Fontaneto 2014). The poor taxonomy in the group is only exacerbated by the taxonomic crisis 

(Blaxter 2003, 2004; Agnarsson and Kuntner 2007), with too much unknown diversity (Fontaneto et 

al. 2009; Kaya et al. 2009) and too few expert “rotiferologists” (Wallace 2002; Fontaneto et al. 2012a) 

and modern keys (species level identification rely heavily on Donner 1965). It seems as though what 

we know about rotifers is heavily influenced by where the few rotiferologists are or were (Fontaneto 

et al. 2012a), while much of the world (especially the tropics) remain aqua incognita (Wallace 2002). 

Indeed the 2,000 described Rotifera morphospecies (Segers 2007) represent a huge underestimate of 
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the actual diversity (e.g. Suatoni et al. 2006; Fontaneto et al. 2009; Kaya et al. 2009; Tang et al. 

2012). 

The occurrence of cryptic species in Rotifera is well documented in both bdelloids (e.g. Fontaneto et 

al. 2008b, 2009, 2011; Kaya et al. 2009) and monogononts (e.g. Gómez et al. 2002; Leasi et al. 2013). 

Take the monogonont species Brachionus plicatilis, for example, which is an important for modern 

aquaculture morphospecies (e.g. Baer et al. 2008). It was originally described by Otto Friedrich 

Müller in 1786, and through various iterative analyses of morphology, karyology, genetics, and 

reproductive behaviour, one species became two (Segers 1995), then three (Ciros-Perez 2001), then 

nine (Gómez et al. 2002), then 15 (Suatoni et al. 2006), and now at least 26 species (Tang et al. 2012). 

To date only four of these MOTUs have been described formally (Ciros-Perez 2001; Fontaneto et al. 

2007a), although a consortium in the near future is being setup to formally describe the remaining 

MOTUs based on molecular and morphometric evidence (Fontaneto, pers. comm.). Even though there 

is some effort going into rectifying this gaping deficit in Brachionus plicatilis, there is no such 

promise for many other 38 species complexes compiled by Fontaneto (2014). At worst, there are 

dustbin taxa such as Rotaria rotatoria (Bdelloidea: Rotifera), which is a morphospecies consisting of 

at least 70 potential cryptic species (Fontaneto et al. 2007d, 2009, 2012b; Tang et al. 2012). 

Molecular techniques and their limitations: Issues with using one locus instead of many 

Molecular techniques have revolutionised how biodiversity is investigated (Gómez 2005; Birky 2007; 

Taberlet et al. 2012; Yu et al. 2012) and are especially useful where traditional taxonomic 

characteristics (morphologies, ecologies, behaviours) are either uninformative or difficult to measure 

(Blaxter 2003, 2004; Fontaneto 2014). These techniques fall into two distinct applications that have 

advantages and limitations in their own right (Vogler and Monaghan 2007; Collins and Cruickshank 

2012): (1) DNA barcoding sensu stricto (Hebert et al. 2003a) provides a large scale, repeatable, and 

rapid means to identify already known species against a DNA sequence database (Puillandre et al. 

2012b), and (2) species discovery (Sites and Marshall 2003; Camargo and Sites 2013) is the 

delimitation of new diversity using DNA barcodes. While the former is widely accepted when the 

sequences match exactly those on a database (Desalle 2006), the latter is relatively more controversial 

(DeSalle et al. 2005; Matz and Nielsen 2005; Vogler and Monaghan 2007). 

DNA barcoding 

DNA barcodes are analogous to retail barcodes in that a species’ genetic code at a standardised locus 

can be used as an species identifier (Hebert et al. 2003a). The process of DNA barcoding involves the 

amplification of a standard genetic region (COI for animals - Hebert et al. 2003b; matK and rbcL for 

plants - CBOL Plant Working Group 2009; Schoch et al. 2012), the comparison of this sequence to a 

database (e.g. Ratnasingham and Hebert 2007), and some degree of clustering based on nucleotide 

similarity (Hebert et al. 2003b). 
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The idea of identifying animal species using a universal stretch of DNA (DNA barcode) has 

developed over time. The exact phrase “DNA barcoding” is probably attributable to Paul D. N. 

Hebert (2003b), although Mark Blaxter was using the term “molecular barcoding” for exactly the 

same purpose a little earlier (i.e. the use of 18S to identify soil nematodes - Floyd et al. 2002; and as a 

personal communication in Ritz and Trudgill 1999). The actual practice of identifying biodiversity 

using molecular characters (albeit not always COI) has earlier origins and likely lies with practitioners 

like Norman R. Pace, who used short standardized 16S sequences to identify microbial diversity (Pace 

1997), although with more of an environmental survey focus. These techniques have been used much 

earlier for forensics (e.g. Higuchi et al. 1988), for other groups using different loci (e.g. Yeast - 

Kurtzman 1994; Bacteria - Wilson 1995), and even for animals (e.g. Baker and Palumbi 1994; Gómez 

et al. 2002). The identification of species relies on the idea that their sequences will cluster so that 

intraspecific divergences will always be less than interspecific divergences (the barcode gap), and that 

this gap is consistent and diagnosable across all animal species (this is not always true, discussed 

below). DNA barcoding has been used for the rapid assessment of diversity (e.g. Ward et al. 2005; Yu 

et al. 2012), to identify larval stages (e.g. Webb et al. 2006), and for forensics (e.g. Dawnay et al. 

2007). 

Other than the concerns regarding the encroachment of DNA taxonomy on traditional taxonomy and 

the purported waning funding for traditional taxonomy (Ebach and Holdrege 2005; but see Gregory 

2005), and the bias against traditional taxonomy in higher impact journals (Krell 2002), several 

practical limitations have been suggested that reduce the efficacy of COI-based DNA barcoding. Co-

amplification and sequencing of pseudogenes (nuclear mitochondrial pseudogenes [NUMTS] - 

Thalmann et al. 2004; Song et al. 2008) can lead to misrepresentative focal barcodes. Similarly, 

introgressive hybridisation between species, the movement of whole genes, can also lead to 

misrepresentative focal barcodes (Chase et al. 2005). Incomplete lineage sorting (Funk and Omland 

2003) resulting in a barcode overlap (i.e. the distinction between intra- and interspecific variation; 

Meyer and Paulay 2005) can lead to lumping of otherwise distinct species. Diagnosable 

morphological differences that develop due to divergent selection are likely to manifest much sooner 

than a neutral gene, therefore species can be detected much sooner than variation at neutral markers 

becomes completely sorted (Will and Rubinoff 2004). Furthermore, if a barcode gap exists, it is 

unlikely to be equivalent between lineages of different ecologies, evolutionary histories, and stresses. 

For example Hebert et al. (2003a) recommended a 3% divergence as a threshold for species based on 

divergences between known species, while Vences et al. (2005) found intraspecific variation in COI 

in amphibians of up to 18%. Studies suggest that the lack of a barcode gap might be due to restricted 

geographical, intra- and interspecific sampling (Meyer and Paulay 2005; Wiemers and Fiedler 2007; 

Bergsten et al. 2012). While the potential incongruency of COI (particularly with regard to genetic 

saturation) with other loci and the species phylogeny (Sota and Vogler 2001; Rubinoff 2006; Rubinoff 
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et al. 2006) and the idea that “one gene fits all” (Moritz and Cicero 2004) might lead to 

unrepresentative biodiversity patterns. Some of these issues are easily dealt with (e.g. non-functional 

NUMTs are characterised by stop codons or frame-shift mutations that are observable by eye or 

overcome with better primer design; Robeson et al. 2009), others need re-evaluation (e.g. lack of a 

barcode gap - Meyer 2003; Chapter 4). 

DNA taxonomy 

DNA taxonomy is a useful tool for assessing the taxonomic diversity within challenging groups 

(Blaxter 2004; Blaxter et al. 2004) where morphostasis and cryptic diversity (Fontaneto et al. 2008b, 

2011; Leasi et al. 2013), and a dwindling pool of taxonomists (Hebert et al. 2003a; Blaxter et al. 

2004) confound the traditional approach. The general idea is to use some criterion based on patterns 

of DNA sequence variation to delimit and count taxa (e.g. species, operational taxonomic units). The 

simplest criterion is nucleotide sequence divergence, such that species are defined by a percentage 

cut-off based on observed divergence in better known clades (e.g. Hebert et al. 2003a). Alternatively, 

algorithmic metrics founded in evolutionary theory have been developed to delimit species with no a 

priori species hypotheses (Vogler and Monaghan 2007) using single locus (e.g. K/θ - Birky et al. 

2005; GMYC - Pons et al. 2006; PTP - Zhang et al. 2013) and multilocus datasets (e.g. BP&P - Yang 

and Rannala 2010). These methods use a range of inputs (nucleotide alignments and phylogenies) to 

assess different signatures of the species boundary. These metrics form putative, primary species 

hypotheses (Puillandre et al. 2012b) that can be tested if other data are available (e.g. morphometric, 

geographical locality data). 

Three used in this thesis include: K/θ (Birky et al. 2005, 2010), the GMYC (Pons et al. 2006; 

Fontaneto et al. 2007d; Fujisawa and Barraclough 2013), and the PTP (Zhang et al. 2013). Briefly 

(but discussed in greater detail in Chapters 2 and 3) these methods rely on the expectation that species 

will form as distinct clusters on a gene tree separated by long branches (Birky and Barraclough 2009; 

Birky 2013; Fig. 5.1 in Chapter 5). These species clusters (ESUs) are detectable as monophyletic 

populations that have either four times as much interclade variation than intraclade variation (K/θ 

based on population genetic theory - Birky et al. 2005), significantly faster intraspecific relative to 

interspecific branching rates (GMYC based on coalescent theory - Pons et al. 2006), or significantly 

more intraspecific relative to interspecific substitutions (PTP based on coalescent theory - Zhang et al. 

2013). 

In rotifers, where taxonomic characters are sometimes plastic and uninformative (Fontaneto et al. 

2007a; Zhang et al. 2010; Leasi et al. 2013; Fontaneto 2014), molecular techniques have been 

especially useful for the generation of, at least, putative species hypotheses (e.g. Birky et al. 2011). 

Furthermore, DNA taxonomy can be used to delimit species under a single species concept (i.e. the 

evolutionary species concept; Simpson 1951 and its derivatives). This is particularly important when 
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investigating asexual taxa for which the biological species concept, which requires that species are 

members of a population that actually or potentially interbreed in nature, is not compatible. 

DNA taxonomy is not a substitute for traditional taxonomy, ideally there would exist an abundance of 

rotiferologists supplementing rigorous traditional taxonomic methods with molecular techniques in an 

integrative and iterative manner (e.g. Birky et al. 2011; or the planned integrative taxonomy workshop 

disentangling the Brachionus plicatilis species complex). To better understand the processes that form 

rotifer biodiversity, it is essential that we have comparable units of diversity devoid of 

misidentifications and incompatible species concepts, which is achievable using DNA taxonomy (Fig. 

1.3). Despite the concerns raised about DNA taxonomy, particularly the use of a single locus, the 

method has been used to with rotifers to delimit species that are morphologically (Birky et al. 2011; 

Malekzadeh-Viayeh et al. 2014), ecologically (Fontaneto et al. 2007d), and reproductively isolated 

(Schröder and Walsh 2007). 

Thesis structure 

Using rotifers as a model organism, I will investigate the implications of asexuality on rotifer 

biodiversity. The thesis has three overarching themes summarised by these questions (Fig. 1.4): (1) 

how can molecular techniques be adopted to better assess rotifer biodiversity, (2) why do species exist 

as discrete entities as opposed to a continuum of forms, and (3) are named bdelloid higher taxa 

monophyletic? 

Firstly, I evaluate DNA-based species delimitation methods and identify how these are affected by 

marker choice (Chapter 2 – The widely used small subunit 18S rDNA greatly underestimates true 

diversity in biodiversity surveys of the meiofauna – PNAS 2012, 109, 16208-16212) and delimitation 

method choice (Chapter 2 and Chapter 3 – Effects of phylogenetic reconstruction on the robustness of 

species delimitation methods using single-locus data – Methods in Ecology and Evolution, in press). 

In Chapter 3 I examine the effect of phylogenetic reconstruction method on coalescent-based species 

delimitation methods, which is widely neglected and rarely justified. In Chapter 4 I determine how 

biodiversity delimited by molecular and traditional morphological methods compare with respect to 

identification by DNA barcoding (DNA barcoding of rotifers). 
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Figure 1.3 Typical DNA taxonomy workflow used for rotifers. 

(a) Animals are isolated in the wild and identified to morphospecies level under light microscopy. (b) 

These animals are washed in ddH20 and transferred to individual tubes in which the DNA is extracted. 

(c) Specific genetic loci are amplified, Sanger sequenced, and aligned. (d) The alignment is used to 

reconstruct a phylogeny. (e) The alignment (c) and/or the phylogeny (d) are used as input for various 

species delimitation metrics. Various stages of the DNA taxonomy process can be altered, and these 

alterations have implications on the final estimated species count. Different genetic loci (e.g. COI 

mtDNA vs. 18S rDNA; c), different phylogenetic reconstructions methods (e.g. maximum likelihood 

vs. Bayesian inference; d), or different species delimitation metrics can be used (e.g. GMYC vs. PTP; 

e).
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Chapters 2, 3, and 4 are species delimitation method evaluations, which ultimately justify the use of 

the COI, BEAST, and the GMYC method for species delimitation for sexual as well as asexual 

lineages. In Chapter 5 I investigate one of the most neglected, yet important questions in speciation 

biology: “Why do species form discrete entities rather than a continuum of forms?” (Sexual Species 

are separated by larger Genetic Gaps than Asexual Species in Rotifers – Evolution, online early). I 

compare the discreteness of asexual bdelloid rotifer and sexual monogonont rotifer ESUs and provide 

a thorough examination of how bdelloid and monogonont diversification rates differ. 

Finally, in Chapter 6 (Dated Molecular Phylogeny of Bdelloid Rotifers) I examine the evolutionary 

relationships within Bdelloidea using 5 genes (COI mtDNA, 18S rDNA, 28S rDNA, and two nuclear 

genes designed using the transcriptome alignments from Eyres 2013) and a genus-level sampling to 

by reconstruct a molecular phylogeny. 

Summary of aims 

 To provide a set of guidelines for DNA taxonomy based on gene, species delimitation metric, 

and phylogenetic reconstruction choice. 

 To test whether asexual species clusters are as discrete as sexual species. 

 To generate a multilocus molecular phylogeny of Bdelloidea.
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Figure 1.4 Workflow of the thesis split into the three main questions investigated: (1) How can molecular techniques be adopted to better assess bdelloid 

biodiversity, (2) Why do species exist as discrete entities as opposed to a continuum of forms, and (3) Do bdelloid higher taxa exist? 

Arrows indicate where work done in previous chapters influences the work in subsequent chapters. Collaborations (grey boxes) and how they relate to the 

chapters is shown.
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Chapter 2: The widely used small subunit 18S rDNA molecule greatly 

underestimates true diversity in biodiversity surveys of the meiofauna 

Published as: 

Tang, C. Q., Leasi, F., Obertegger, U., Kieneke, A., Barraclough, T. G., & Fontaneto, D. (2012). The 

widely used small subunit 18S rDNA molecule greatly underestimates true diversity in biodiversity 

surveys of the meiofauna. Proceedings of the National Academy of Sciences of the United States of 

America, 109, 16208–16212. 

Abstract 

Molecular tools have revolutionised the exploration of biodiversity, especially in organisms for which 

traditional taxonomy is difficult, such as for microscopic animals (meiofauna). Environmental 

(eDNA) surveys of extracellular DNA extracted from sediment samples or metabarcode surveys of 

DNA extracted from bulk DNA samples, using next generation sequencing technology (NGS), are 

increasingly popular for assessing biodiversity. Most of these surveys use the nuclear gene encoding 

small-subunit rDNA (18S) as a marker; however, different markers and metrics used for delimiting 

species have not yet been evaluated against each other or against morphologically defined species 

(morphospecies). We assessed more than 12,000 meiofaunal sequences of 18S and of the main 

alternatively used marker (COI mtDNA) belonging to 55 datasets covering three taxonomic ranks. 

Our results show that 18S reduced diversity estimates by a factor of 0.4 relative to morphospecies, 

whereas COI increased diversity estimates by a factor of 7.6. Moreover, estimates of species richness 

using COI were robust among three of four commonly used delimitation metrics, whereas estimates 

using 18S varied widely with the different metrics. We show that meiofaunal diversity has been 

greatly underestimated by 18S NGS surveys and that the use of COI provides a better estimate of 

diversity. The suitability of COI is supported by cross-mating experiments in the literature and 

evolutionary analyses of discreteness in patterns of genetic variation. Furthermore its splitting of 

morphospecies is expected from documented levels of cryptic taxa in exemplar meiofauna. We 

recommend against using 18S as a marker for biodiversity surveys and suggest that use of COI for 

NGS surveys could provide more accurate estimates of species richness in the future.
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Introduction 

Species are a fundamental unit of biological diversity and their delimitation is central in ecology and 

evolution. Species delimitation using DNA (DNA taxonomy) has the potential to bypass many of the 

difficulties associated with traditional morphological taxonomy (Hebert et al. 2003a). With 

developments in high-throughput sequencing technologies and bioinformatic pipelines, it is now 

possible to sequence a single genetic locus en masse from extracellular DNA in the environment 

(eDNA surveys; Bik et al. 2012b; Taberlet et al. 2012) or bulk DNA samples (metabarcoding; Yu et 

al. 2012) and delimit species on a large scale. Such surveys have been used to describe the diversity of 

microorganisms (Robeson et al. 2009), macrofauna (Ficetola et al. 2008), fungi (Blaalid et al. 2012), 

and plants (Yoccoz et al. 2012) in previously understudied habitats such as the soil biota (Wu et al. 

2011), sediments (Chariton et al. 2010), and water (Ficetola et al. 2008; Bik et al. 2012c). Faced with 

these technological advances, it is now more important than ever to evaluate the reliability of the 

genetic loci used for DNA taxonomy, and to assess the congruence of their results with morphological 

taxonomy. Without such an assessment, biodiversity analyses may be misleading. 

Given this potential, there have been surprisingly few broad-scale attempts to calibrate the use of 

different markers and metrics in next generation sequencing (NGS) surveys. Here, we use a clade-

targeted sampling regime to test different loci and metrics used in NGS surveys, relative to 

morphologically defined species (morphospecies). Our study is, taxonomically, one of the broadest 

surveys to date. By identifying diversity from systematic samples of clades, we provide guidelines 

that can be used with NGS surveys to better understand the evolution and ecology of animal diversity, 

using the example of meiofauna, a major reservoir of biodiversity that contains most of the animal 

phyla (Giere 2009). 

Meiofaunal organisms (defined as animals that can pass through a 500µm mesh) cannot be reliably 

treated using traditional taxonomic methods due to their size (<2mm), morphological homogeneity 

(Fontaneto et al. 2009), non-informative species descriptions (Godfray 2002), and lack of expert 

taxonomists (Curini-Galletti et al. 2012). It is therefore expected that morphospecies will 

underestimate the true diversity of these organisms (Fontaneto et al. 2009). The use of NGS surveys 

can potentially make species delimitation more efficient and cost effective (Bik et al. 2012b). Current 

meiofaunal NGS surveys rely mainly on the nuclear small subunit 18S rDNA gene (Creer et al. 2010; 

Fonseca et al. 2010; Bik et al. 2012c). Cytochrome c oxidase subunit I (COI) mtDNA, while used for 

global barcoding initiatives (i.e. Consortium for the Barcode of Life, www.barcodeoflife.org and the 

International Barcode of Life project, www. ibol.org), is less widely used for NGS surveys. One of the 

main reasons is that high variability of COI can necessitate the use of taxon specific amplification and 

sequencing primers (e.g. Robeson et al. 2009; Sanna et al. 2009), although universal primer sets for 
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next generation sequencing (NGS) have been designed and successfully implemented recently 

(Meusnier et al. 2008). 

Here, we compare putative species counts obtained using either COI or 18S across 55 meiofaunal 

datasets comprising three taxonomic ranks (15 species complexes, 26 genera, and 14 higher taxa 

above the genus level, including orders, classes, and phyla) and totalling more than 12,000 sequences. 

A number of analytical metrics exist for delimiting species (Hebert et al. 2003a; Sites and Marshall 

2003; Pons et al. 2006; Wiens 2007; Birky et al. 2010; Puillandre et al. 2012a), which focus on 

different biological properties, require different data types (DNA, morphology, etc.), and have 

different minimal sampling requirements (Hebert et al. 2003a; Sites and Marshall 2003; Pons et al. 

2006; Birky et al. 2010; Puillandre et al. 2012a). The relative performance of these different metrics 

has not yet been fully evaluated. Estimates are therefore compared between the two genes using four 

different delimitation metrics: the nucleotide divergence threshold (NDT; Hebert et al. 2003a), the 

automatic barcode gap discovery (ABGD; Puillandre et al. 2012a), the K/θ method (Birky et al. 

2010), and the Generalized Mixed Yule Coalescent model (GMYC; Pons et al. 2006). These metrics 

were chosen because they can be implemented when DNA sequence data is the sole information 

available, as is the case in NGS surveys.
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Materials and Methods 

Data collection 

We concentrated on meiofaunal species complexes, genera, and higher taxa for which a rich 

collection of sequences was available. Datasets were compiled if a minimum of 10 different 

sequences per taxon were available. In some cases (e.g. for some groups of nematodes, nemerteans, 

and flatworms), even organisms that are not strictly meiofauna have been included (e.g. larger or 

parasitic), if the majority of the taxa of the group belonged to meiofauna. 

We obtained sequences of a fragment of COI (on average 623bp, Dataset S1) from 8,576 individuals 

(6,834 downloaded from GenBank; 1,742 generated for this study according to the protocol presented 

in the Supplementary Materials), and sequences of 18S rDNA (on average 1,647bp, Dataset S2.1) 

from 3,668 individuals (3,321 obtained from GenBank and 347 sequenced de novo). 18S sequences 

were amplified and sequenced directly only for each unique COI haplotype, as it became apparent 

from initial data collection that individuals with the same COI haplotype invariably had identical 18S 

sequences. A list of unique type specimens used in the analyses can be found in Dataset S2.1. 

Overall, 12,244 sequences (of which 4,877 were unique) forming 55 datasets were analysed. In total 

1,484 morphospecies were included; these were identified before sequencing using the most recent 

morphological revisions for the groups (listed in Curini-Galletti et al. 2012), or by using their 

GenBank accession identifier. Ambiguous names were conservatively excluded from the 

morphospecies count. Phylogenetic analyses were obtained using standard procedures 

(Supplementary Materials). 

Nucleotide divergence threshold (NDT) 

We applied a nucleotide divergence threshold (Hebert et al. 2003a) with a friends of friends approach 

(i.e. if divergence between taxa A-B and B-C is more than 3%, but divergence between A-C is less 

than 3%, then we consider taxa A, B and C to be a single cluster). The divergence threshold is based 

on empirically observed gaps and 97% is the most commonly used threshold for COI (e.g. Hebert et 

al. 2003b). We used a script written in R that clusters sequences from an alignment based on a user-

defined divergence threshold, using an uncorrected distance matrix as input (available in 

Supplementary Materials). 

Automatic barcode gap discovery (ABGD) 

ABGD uses a range of prior intraspecific divergences to infer from the data a model-based one-sided 

confidence limit for interspecific divergence (Puillandre et al. 2012a). The ‘barcode gap’ is identified 

as the first significant gap beyond this limit. Genetic clusters were inferred using the ABGD online 

tool and the default settings (available at http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html). 
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The correct species estimate was selected, as suggested by Puillandre et al. (2012a), using gene 

specific priors for maximum divergence of intraspecific diversity (0.01 for COI and 0.001 for 18S). 

K/θ method (formerly known as the 4X rule) 

The K/θ method uses population genetic theory to identify sister clades that are too divergent to arise 

solely by neutral genetic drift within a single population (Birky et al. 2010). A neighbour joining tree 

was constructed for each mtDNA dataset from uncorrected distance matrices using Geneious Pro 

5.4.2. (Drummond et al. 2006). Starting from the tips of the tree, the maximum pairwise distance was 

recorded for each clade (θ). For each pair of sister clades, the maximum value of θ was then compared 

to K (minimum pairwise distance between clades). Clades that have a ratio of K/θ≥4 are considered to 

be reciprocally monophyletic entities with ≥95% probability (Birky et al. 2010). 

Generalized Mixed Yule Coalescent (GMYC) method 

The GMYC method (Pons et al. 2006) tests for a significant shift in the branching rate in an 

ultrametric tree. Such a shift is indicative of the switch from between-species to within-species 

processes, expected if a sample comprises multiple individuals from a set of independently evolving 

species. The outgroups were removed from the ultrametric trees and the GMYC method was 

implemented using the splits 1.0–11 (Ezard et al. 2009) package in R (available at http://r-forge.r-

project.org/projects/splits/). Species were identified by a single threshold defined by a significant shift 

in branching rate. 

Assessment of reliability 

A linear model was used with a log transformed DNA/morph ratio as the response variable and gene 

identity, species delimitation metric, and taxonomic rank as fixed effects. The initial linear models 

included all the possible explanatory variables and their interactions. These were subsequently 

simplified using the step function in R to obtain the minimum adequate model. Model outputs were 

given as ANOVA tables and post-hoc Tukey HSD tests were performed to determine which factors 

were significantly different from each other. 

To quantify the effect of sampling effort (per taxon sampling) we used the number of sequences per 

dataset. As an index for degree of undersampling (unsampled diversity), we used the ratio of observed 

entities to expected number of entities (determined using a Chao estimator, Chao 1984). Chao 1 

estimator was used when both singlets and doublets were present in the dataset, Chao 2 estimator was 

used when either singlets or doublets were absent. These proxies for sampling effort and 

undersampling were included into a linear model as fixed effects along with gene, metric, and 

taxonomic rank. 

Differing degrees of geographic coverage could inflate the congruency of delimitation metrics if 

genetic distance increases with geographical distance. We determined whether there was a significant 
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difference in geographical coverage of each of the genes and used a linear model to test whether 

congruency of delimitation metric species estimates could be explained by geographical coverage, 

gene, and taxonomic rank. The coefficient of variation among species estimates of different metrics 

was used as a proxy for their congruence, and number of countries within each dataset as a proxy for 

geographical coverage. 

Misidentification of organisms by the authors submitting sequences to GenBank could underestimate 

the biodiversity already present in the samples. To address this concern, we identified all authors 

involved in submitting the sequences and determined whether they were taxonomists based on 

whether they had published a species description. This is a crude but true measure of taxonomist 

integrity but is likely to underestimate the capabilities of many authors. This subset of data was 

reanalysed as described previously.
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Results 

Choice of marker 

Diversity estimates in meiofauna were significantly different between the two markers (COI and 18S) 

and between morphospecies and both genes in turn (Fig. 2.1, Table 2.1). COI yielded increased 

estimates of diversity relative to morphospecies, whereas 18S yielded decreased estimates of diversity 

(Fig. 2.1). 

Figure 2.1 Ratio of species diversity estimated using DNA taxonomy compared to 

morphological taxonomy (dotted line) using either COI mtDNA (blue) or 18S rDNA (red) over three 

taxonomic ranks (species complex, genus and higher taxon). 

DNA/morph ratios were averaged across both datasets and delimitation metric and log transformed. 

Open circles represent outlier values. The number of datasets (n) is shown under the boxes. 

 

Sampling effort differed between the two genes, being greater for COI, but this did not account for the 

differences in the ratio of the species count based on DNA relative to the species count for 

morphology (referred to as the DNA/morph ratio) between the genes (Table 2.1). Furthermore, the 

number of datasets was balanced between COI and 18S, with 31 and 24 datasets, respectively (Table 

S2.1) and geographic coverage for each dataset did not differ significantly between the genes (Table 

S2.1). 

The average number of taxa estimated for COI and 18S using the different metrics was 7.6 (±2.1 

standard errors) and 0.4 (±0.1) times the morphological species estimate, respectively. Cryptic taxa 

were identified in all COI datasets (Fig. 2.2) across all taxonomic ranks. A higher number of taxa was 

expected from the COI dataset than the 18S dataset because most of the sequences come from 

investigations into cryptic species. Nevertheless, the estimated number of taxa using 18S was even 
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lower than the number indicated by morphological taxonomy (Fig. 2.2). Thus, 18S was not able to 

reach the level and detail of identification of diversity that taxonomists can reach with morphology 

alone. 

Figure 2.2 The ratio numbers of entities estimated using DNA taxonomy compared to 

morphological taxonomy (the y axis intersecting the x axis at 1) using different delimitation metrics 

and taxonomic ranks. 

Four different delimitation metrics (ABGD = red, K/θ method = blue, GMYC = green, 97% 

nucleotide divergence threshold (NDT) = yellow) were used to compare DNA estimates to 

morphospecies, inferred from two different genes: COI (a, b, c) and 18S (d, e, f) and across three 

taxonomic ranks: species complexes (a, d), genera (b, e) and higher taxa (c, f). The x axis is log 

transformed for ease of comparison. The K/θ method can be used in conjunction with mtDNA only, 

and is absent from the plots using 18S. Species estimates and full names are shown in Table S2.1. 

Acronyms have two letters for species complexes, three for genera and four for higher taxa. Asterisks 

(*) specify instances where no additional species are estimated by DNA taxonomy compared to 

morphological taxonomy. 

 

Controlling for potential confounding effects of differing sampling, by using datasets with COI and 

18S sequenced from the same organisms, confirmed the general trend, with an average of 3.2 (±1.0) 

and 0.4 (±0.1) times the morphological species estimate for COI and 18S, respectively (Fig. S2.1). 
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Taxonomic rank 

Taxonomic rank had a strong influence on the DNA/morph ratio for both COI and 18S (Table 2.2); 

with larger ratios for species complexes (15.3±2.7 and 1.0±0.0 times more entities for COI and 18S, 

respectively) than for genera (4.4±0.8 and 0.3±0.1, respectively) and higher taxa (2.2±0.3 and 

0.2±0.1, respectively; Fig. 2.1). 

Table 2.1 ANOVA used to explain differences in DNA/morph ratios. 

Factor Sum Sq. D.F. F value P % var. 

Gene 428.7 1 352.79 <2.2e
-16

 53.10 

Metric 21.0 3 5.76 0.00087 2.60 

Tax. 110.0 2 45.26 <2.2e
-16

 13.62 

Sampling 0.1 1 0.07 0.79 0.01 

Metric x Tax. 11.2 6 1.53 0.17 1.38 

Metric x Sampling 18.8 3 5.16 0.0019 2.33 

Residuals 217.5 179    

% var. = amount of the variance explained by the factor,  

Tax. = taxonomic rank, Sampling = sampling (number of sequences). 

Delimitation metrics 

Congruence among the different delimitation metrics was greater using COI than 18S (Fig. 2.2, Table 

S2.2). In COI, this pattern was not correlated to number of countries or taxonomic rank. Only species 

estimates from ABGD (4.4±1.2 times the morphological estimate) were significantly different from 

the others (9.5±1.5; Table S2.3; Fig. S2.2). The ABGD metric failed to delimit additional taxa in 26% 

of the datasets (Table S2.1). The DNA/morph ratio was influenced by the interaction between 

delimitation metric and degree of undersampling (i.e. the observed diversity compared to the expected 

diversity as determined using Chao estimators; Table 2.2), and so the small differences in diversity 

estimates among the metrics may be a function of how they behave with undersampling. 

For 18S, there was very little congruence among results using different delimitation metrics (Fig. 2.2, 

Table S2.2). The GMYC estimated significantly fewer taxa (0.2±0.1 times the morphological 

estimate) than did both the nucleotide divergence 97% threshold (0.5±0.1) and ABGD metrics 

(0.4±0.1; Fig. S2.2). The estimates from the nucleotide divergence threshold became increasingly 

disparate from the other metrics with increasing threshold values. A 99% or a 99.5% threshold 

produced species estimates that were closer to the morphological estimate (average estimates were 

0.8±0.1 and 1.1±0.2 times the morphological estimate, respectively). 

Misidentification of morphospecies 

To test whether misidentification of sequenced organisms (i.e. errors in morphospecies counts) could 

explain these patterns, we identified the subset of sequences generated by studies including a co-

author who has published a taxonomic paper describing a new species (86.3% of COI and 55.1% of 

18S sequences, Table S2.1). Our reasoning is that morphological identifications in those studies 

should be correct. Reanalysis using only those data confirmed the same scenario that 18S yields lower 
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diversity estimates and COI yields higher diversity estimates than morphospecies (Table S2.4). 

Furthermore, choice of metric, taxonomic rank, and sampling effect still affect the magnitude of 

estimates as identified for the entire dataset (Table S2.5). 

Table 2.2 ANOVA used to explain DNA/morph ratio (COI and 18S analysed separately). 

Factor Sum Sq. D.F. F value P % var. 

COI mtDNA      

   Metric 27.8 3 12.03 <0.0001 13.5 

   Tax. 54.4 2 35.27 <0.0001 26.4 

   Country 14.8 1 19.14 <0.0001 7.2 

   Undersampling 0.2 1 0.26 0.61 0.1 

   Metric x Tax. 2.0 6 0.44 0.85 1.0 

   Tax. x Country 2.2 2 1.40 0.25 1.1 

   Metric x Undersampling 9.5 3 4.11 0.0088 4.6 

   Tax. x Undersampling 4.1 2 2.68 0.074 2.0 

   Country x Undersampling 0.1 1 0.12 0.73 0.04 

   Metric x Tax. x Undersampling 15.4 6 3.33 0.0052 7.5 

   Tax. x country x Undersampling 5.8 2 3.76 0.027 2.8 

   Residuals 69.4 90    

18S rDNA      

   Metric 16.6 2 11.63 <0.0001 9.8 

   Tax. 64.8 2 45.42 <0.0001 38.2 

   Country 15.3 1 21.38 <0.0001 9.0 

   Metric x Tax. 24.2 4 8.47 <0.0001 14.3 

   Metric x Country 5.9 2 4.10 0.021 3.5 

   Residuals 42.8 60    

% var. = amount of the total variance explained by the factor, Tax. = taxonomic rank. 
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Discussion 

A key limitation inherent to most biodiversity studies is the arduous task of identifying organisms in 

the wild. Reliance upon good taxonomy and species identification goes beyond biodiversity surveys 

because it has wide implications for a number of ecological and evolutionary studies (for a 

perspective see Yoccoz 2012). Here we demonstrate that biodiversity surveys of meiofaunal taxa will 

be greatly impacted by the choice of molecular marker. Using data covering a broad diversity of 

meiofaunal taxa, sampled across multiple taxonomic ranks, and applying four widely used 

delimitation metrics, we have shown that both 18S and morphology underestimate species diversity 

relative to COI (Fig. 2.1), independently of degree of undersampling. Further, the disparity in 

congruence among metrics for both genes was not driven by differences in the discreteness of 

geographical sampling (Table 2.2) or by errors in morphospecies identification. 

Although COI leads to higher species counts than morphology, COI provides a better indicator of the 

true diversity than morphology for several reasons. First, cryptic taxa have previously been 

documented in many of the morphospecies assessed here (e.g. Suatoni et al. 2006; Fontaneto et al. 

2009), and species boundaries have been confirmed within an integrative taxonomic framework (i.e. 

DNA taxonomy with cross-mating or additional morphological assessment; e.g. Schröder and Walsh 

2007; Fonseca et al. 2008). Second, increased diversity based on COI is not simply due to higher 

variability, but associated with a sharp distinction in genetic distance within versus between 

evolutionary species (Table S2.1), which is indeed the signature that the evolutionary methods of K/θ 

and GMYC use to delimit species entities. There exist genetic clusters separated by larger ‘gaps’ in 

genetic variation than expected if all individuals belonged to a single interacting population. In sexual 

lineages, these clusters reflect reproductively isolated species. In asexual lineages, they are caused by 

geographical isolation or specialisation on distinct ecological niches (Birky and Barraclough 2009), as 

demonstrated by studies of exemplar clades (e.g. Fontaneto et al. 2007d, 2009; Schön et al. 2012). 

Patterns of genetic variation and differences between COI and 18S apply equally to asexual (i.e. 

bdelloid rotifers) and related sexual lineages (i.e. monogonont rotifers) in our sample (Table S2.6, 

Table SS.7). 

We conclude that 18S, using these species delimitation metrics and the evolutionary species concept, 

is not powerful enough to delineate species-level diversity. Only a fixed threshold of 99.5% based on 

18S (approaching the rate of potential PCR errors) can produce NGS estimates comparable to 

morphological estimates, but these are known to be underestimates due to the prevalence of cryptic 

species. The use of 18S might be appropriate to compare levels of relative diversity at higher 

taxonomic scales, but species-level patterns such as ecological distributions and geographical turnover 

should not be inferred from these data. Furthermore, the degree of lumping per morphospecies 
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estimated from 18S varies among different taxonomic groups (Fig. S2.1) and thus diversity might be 

very different depending on the composition of taxonomic groups present in an NGS sample. 

The four metrics used require a different minimum number of sequences per entity to detect putative 

species, and thus in principle intraspecific undersampling might affect the metrics in different ways 

(Sites and Marshall 2003). Intraspecific undersampling did not affect our results, however, we 

observed a high degree of congruence for COI in terms of both species number and identity, 

particularly among the nucleotide divergence 97% threshold, K/θ, and GMYC methods (Fig. 2.2). 

Interestingly, the simple rule of pairwise similarity (Hebert et al. 2003a) gave results congruent to 

those provided by the two methods detecting signatures of independent evolution predicted by 

population genetic theory (Pons et al. 2006; Birky et al. 2010). The consistency among different 

delimitation metrics was much lower for 18S than for COI (Fig. 2.2; Table S2.3). 

While these results provide strong reasons against using 18S for species delimitation, there are also 

difficulties associated with COI, which include high substitution rates, excessive saturation, biased 

substitution patterns, high AT content, and poorly conserved priming sites (Sanna et al. 2009; Creer et 

al. 2010). These issues are known to reduce the efficacy of COI in certain meiofauna (e.g. nematodes 

- Bhadury et al. 2006; and proseriates - Sanna et al. 2009) and this may be one of the main reasons 

why COI has rarely been used for meiofaunal NGS surveys (but see Robeson et al. 2009). 

Nonetheless, COI has been successfully used in an integrative taxonomic framework to delimit 

nematode cryptic species (e.g. Derycke et al. 2005; Fonseca et al. 2008). Here we included 11 

nematode datasets and in each case diversity was split using COI and lumped using 18S, relative to 

morphological species, indicating that COI can be used to survey nematode diversity more reliably 

than with 18S. 

An increasing number of next generation DNA metabarcoding surveys aim to quantify biodiversity 

(Taberlet et al. 2012), but this is a field in its infancy, which is expanding largely in tandem with 

evolving sequencing technologies and the wider integration into bioinformatic pipelines (Bik et al. 

2012b). Use of COI with NGS is not yet popular. However, it has already been shown that a short 

mini-barcode fragment of COI can be amplified en masse with 454 pyrosequencing (Meusnier et al. 

2008) and used to identify individual species with high accuracy across many eukaryotic groups. 

Combining the variability of COI with NGS technologies and a reference database of genetic 

sequences identified to a species level could massively enhance the taxonomic resolution and rate of 

diversity exploration in our changing world.
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Chapter 3: Effects of phylogenetic reconstruction method on the robustness of 

species delimitation using single-locus data 

In press: 

Tang, C. Q., Humphreys, A. M., Fontaneto, D., & Barraclough, T. G. (2014). Effects of phylogenetic 

reconstruction method on the robustness of species delimitation using single locus data. Methods in 

Ecology and Evolution, in press. 

Abstract 

Coalescent-based species delimitation methods combine population genetic and phylogenetic theory 

to provide an objective means for delineating evolutionarily significant units of diversity. The 

Generalized Mixed Yule Coalescent (GMYC) and the Poisson Tree Process (PTP) are methods that 

use ultrametric (GMYC or PTP) or non-ultrametric (PTP) gene trees as input, intended for use mostly 

with single-locus data such as DNA barcodes. Here we assess how robust the GMYC and PTP are to 

different phylogenetic reconstruction and branch smoothing methods. We reconstruct over 400 

ultrametric trees using up to 30 different combinations of phylogenetic and smoothing methods and 

perform over 2,000 separate species delimitation analyses across 16 empirical datasets. We then 

assess how variable diversity estimates are, in terms of richness and identity, with respect to species 

delimitation, phylogenetic, and smoothing methods. The PTP method generally generates diversity 

estimates that are more robust to different phylogenetic methods. The GMYC is more sensitive, but 

provides consistent estimates for BEAST trees. The lower consistency of GMYC estimates is likely a 

result of differences among gene trees introduced by the smoothing step. Unresolved nodes (real 

anomalies or methodological artefacts) affect both GMYC and PTP estimates, but have a greater 

effect on GMYC estimates. Branch smoothing is a difficult step and perhaps an underappreciated 

source of bias that may be widespread among studies of diversity and diversification. Nevertheless, 

careful choice of phylogenetic method does produce equivalent PTP and GMYC diversity estimates. 

We recommend simultaneous use of the PTP model with any model-based gene tree (e.g. RAxML) 

and GMYC approaches with BEAST trees for obtaining species hypotheses.
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Introduction 

Species are a fundamental unit for many fields of biology, yet their identification and delimitation are 

rarely straightforward (Hebert et al. 2003a). Molecular techniques allow for rapid and broad 

assessment of diversity of poorly known groups or where traditional techniques are difficult (e.g. 

Blaxter 2003; Tang et al. 2012; Fontaneto 2014). Well established metrics for species delimitation 

exist (see Sites and Marshall 2003; e.g. Birky et al. 2005; Flot et al. 2010; Puillandre et al. 2012a) but 

only a few are grounded in evolutionary theory and do not require a priori hypotheses regarding 

species entities (e.g. O’Meara 2010; Yang and Rannala 2010). Fewer still are designed for large-scale 

single-locus marker surveys (e.g. Fujisawa and Barraclough 2013; Zhang et al. 2013). With the 

increased frequency of DNA taxonomy studies and their potential marriage with next generation 

sequencing technologies (NGS - e.g. Creer et al. 2010), there is a need to determine potential sources 

of bias on diversity estimates. Here we evaluate robustness of the Generalized Mixed Yule Coalescent 

model (GMYC) and the Poisson Tree Process (PTP) species delimitation methods to different 

approaches of phylogenetic reconstruction of the gene trees. Robustness was assessed by how 

topological and branch length variation introduced by phylogenetic method influences delimitation 

estimates in terms of species richness and identity. 

A special branch of phylogenetic species delimitation (see Sites and Marshall 2003) are  coalescent-

based species delimitation methods (e.g. Pons et al. 2006; Fontaneto et al. 2007d; Zhang et al. 2013), 

which combine coalescent theory with diversification models to infer the transition point between 

population and species-level processes on a gene tree. These approaches provide objective, clade-

specific threshold(s) with which to delimit evolutionarily significant units (ESUs) of diversity (akin to 

species, as defined by the Evolutionary Species Concept - Simpson 1951). These methods provide an 

alternative to operational taxonomic unit (OTU) picking methods, which rely on arbitrary, clade-

specific sequence similarity thresholds (Barraclough et al. 2009). 

The GMYC is one of the most popular coalescent-based species delimitation methods and is designed 

for single-locus data (Fujisawa & Barraclough 2013; although it can be used with concatenated-loci 

data, e.g. Pons et al. 2006; Fontaneto et al. 2007) and has been used to describe new species (e.g. 

Birky et al. 2011). The method separately models the fit of Yule (pure birth; Yule 1925) and 

coalescent processes (Hudson 1990) to an ultrametric tree to define the transition from species-level 

to population-level processes, used to delimit ESUs. The PTP (Zhang et al. 2013) is a recently 

developed method that models speciation and coalescent events relative to numbers of substitutions 

rather than time, and uses heuristic algorithms to identify the most likely classification of branches 

into population and species-level processes, used to delimit ESUs. This approach assumes either that 

substitutions are clocklike or, if substitution rates vary across the tree, that coalescent and speciation 
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events occur at a constant rate per substitution event, rather than per unit of time. The key advantage 

of the PTP, however, is that it is devised for non-ultrametric trees. 

Several studies have evaluated factors that could bias accuracy of the GMYC and PTP. For the 

GMYC, simulation studies have addressed the effects of various aspects of sampling (Papadopoulou 

et al. 2008; Bergsten et al. 2012; Reid and Carstens 2012; Talavera et al. 2013), population size, and 

speciation rates (Esselstyn et al. 2012; Fujisawa and Barraclough 2013). For the PTP, simulations 

have been used to evaluate the effect of birth rates (i.e. evolutionary distances between species) and 

sampling unevenness (Zhang et al. 2013). Less attention has been paid to the influence of different 

phylogenetic methods for reconstructing the underlying gene tree. For coalescent-based species 

delimitation, phylogenetic and branch smoothing (defined as methods that correct rate heterogeneity 

to make ultrametric, clocklike trees) methodology are potentially large sources of bias if branch length 

and topological variation is introduced by different phylogenetic methods, for example by different 

treatment of unresolved nodes and rate heterogeneity. Zero-length branches introduce infinite 

(logarithmic) branching rate artefacts that might bias species delimitation and underestimate (early 

placement of the threshold) or overestimate (recent placement) species diversity (GMYC), and 

heterogeneity in the rate of molecular evolution among lineages would violate the assumption that 

branching events can be modelled against substitutions directly (PTP). It is well known that different 

methods of rate smoothing introduce variability in branch lengths (Drummond and Suchard 2010) that 

can ultimately affect inferences made from the tree (Rutschmann 2006); artificially variable branch 

lengths might therefore result in variable diversity estimates with the GMYC. A previous assessment 

of the effect of phylogenetic method on GMYC ESU estimates showed that certain method 

combinations perform poorly (Talavera et al. 2013), but is not clear whether this is generally true. 

The GMYC, in combination with at least 11 different phylogenetic and 9 smoothing methods (Table 

S1), has been used in over 150 studies. BEAST (Drummond and Rambaut 2007) is the most popular 

software for obtaining gene trees (48.9%), followed by MrBayes (25% - Ronquist et al. 2012) and 

RAxML (8.3% - Stamatakis 2006). BEAST is also the most popular software for rate-smoothing 

(53.3%), followed by r8s (28.5% - Sanderson 2003), PATHd8 (6.7% - Britton et al. 2007), and 

chronopl (5.5% - Paradis et al. 2004). It is not clear from the literature why one particular 

phylogenetic method is favoured. Is BEAST chosen (1) due to historical preference, (2) because a 

posterior sample of trees is desired, (3) because it does not require a post hoc rate-smoothing step, or 

(4) because it provides more accurate species hypotheses than other methods? We address the latter 

issue for both the GMYC and PTP by systematically evaluating their performance given different 

phylogenetic methods across several datasets. 

We evaluate the GMYC and PTP methods using cytochrome c oxidase subunit 1 (COI) datasets, 

firstly, where the species boundaries and diversity are relatively well known: cowries (Meyer and 
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Paulay 2005), Drosophila spp., and Romanian butterflies (Dinca et al. 2011). Secondly, we compare 

the methods using 13 COI datasets of Rotifera, a phylum where the taxonomy is much less resolved, 

the sampling not as comprehensive, and where the benefit of DNA taxonomy is expected to be the 

greatest. We provide guidelines for maximising the robustness of species hypotheses based on single-

locus data with respect to phylogenetic method.
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Materials and Methods 

Datasets and gene trees 

We compiled over 12,000 COI sequences forming 16 datasets (Table S3.2), corresponding mostly to 

genera (Rotifera + Drosophila) but also a family (Cypraeidae [cowries]; Meyer and Paulay 2005) and 

a comprehensive geographical sample comprising several families (99% of Romanian butterfly 

species; Dinca et al. 2011). Tree reconstruction followed standard protocols (Supplementary Materials 

and Methods; Fig. S3.1): (1) align sequences with outgroups (Table S3.3) using MAFFT v6.814b 

(Katoh et al. 2009), (2) remove non-unique haplotypes (for comparability the same matrix was used 

for all analyses, although this step is not necessary prior to generation of BEAST trees, see Talavera et 

al. 2013), (3) reconstruct gene trees, and (4) make gene trees ultrametric. Gene trees were generated 

using distance (UPGMA - Sokal and Michener 1958; neighbour joining - Saitou and Nei 1987), 

maximum likelihood (RAxML - Stamatakis 2006; GARLI - Zwickl 2006; PhyML - Guindon et al. 

2010), and Bayesian inference (MrBayes - Huelsenbeck and Ronquist 2001; BEAST - Drummond 

and Rambaut 2007). Post hoc branch smoothing (not necessary for BEAST and UPGMA trees) was 

performed using the R 2.15.2 (R Core Team 2014) package ape 3.0.7 functions (chronopl and 

chronos - Paradis et al. 2004), PATHd8 (Britton et al. 2007), and r8s (Sanderson 2003). More specific 

details can be found in the Supplementary Materials and Methods. 

Unresolved nodes and rate heterogeneity 

The presence of unresolved nodes and rate heterogeneity was measured directly from the trees. For 

each non-ultrametric gene tree, rate heterogeneity was measured as the standard deviation of the root 

to tip distances, where a greater standard deviation signifies greater rate heterogeneity. Analysis of 

BEAST trees was used to quantify whether the different species delimitation methods lead to different 

diversity estimates also where there are no unresolved nodes. 

Species delimitation 

The GMYC method with a single threshold (ST-GMYC), multiple thresholds (MT-GMYC; 

Monaghan et al. 2009; Fujisawa and Barraclough 2013), and a multimodel approach (MM-GMYC; 

Powell 2012; Fujisawa and Barraclough 2013), was applied to each ultrametric gene tree using the 

splits 1.0–11 (Ezard et al. 2009) R package. Reid and Carstens (2012) described a Bayesian 

implementation of the GMYC with flexible prior distribution, which samples the parameter space via 

Markov Chain Monte Carlo (MCMC) to account for phylogenetic model and parameter uncertainty. 

This method however was not used here because it was unfeasibly slow for the number of assessed 

here, but would make for an interesting extension. PTP analyses were performed using its webserver 

(http://species.h-its.org/). For each clade, up to 25 different GMYC and 30 PTP estimates were made. 

Primarily, the PTP analysis was used with non-ultrametric gene trees (PTP-raw: trees without post 



Chapter 3: Phylogenetic methods and species delimitation 

48 

 

hoc smoothing, as intended by Zhang et al. 2013), but smoothed trees were also used (PTP-all: all 

trees) for a direct comparison with the GMYC input trees. 

Performance variation among methods – Species richness 

The deviance of each ESU estimate from the expected diversity was gauged using the absolute 

difference between observed (ESUX) and expected (ESUexpected) diversity, standardised among datasets 

by dividing by the average diversity of the focal dataset (ESUmeanA: including the focal ESU estimate). 

ESUexpected was either obtained from the morphological species count (ESUmorph) or the average of the 

species counts from across all trees (ESUmeanB: excluding the focal ESU estimate). For the three 

datasets where the species boundaries have been better evaluated, the morphological species count 

was determined using either the GenBank species name (Drosophila and Romanian butterflies) or 

expert advice (cowries; C. Meyer pers. comm.). In the absence of a reliable taxonomic species count 

for the 13 Rotifera clades, ESUmeanB was used as a conservative estimate of species richness. The use 

of ESUmeanB as a proxy for ESUexpected was validated by the relationship between the residual variation 

derived from ESUmorph and from ESUmean for the non-Rotifera datasets (Supplementary File S3.1). 

The performance measure, defined as residual variation, is therefore 

|ESUX-ESUexpected| ÷ ESUmeanA 

and takes into account the overall variation in diversity estimate while remaining comparable among 

datasets with different diversity levels. Residual variation was determined for each gene tree and 

species delimitation method (see Supplementary File S3.2 for examples of the calculations). 

Performance variation among methods – Species identity 

Correspondence between ESUs and ESUmorph, in terms of species identity, was evaluated for the three 

non-Rotifera datasets. For each species delimitation estimate, the number of morphospecies that were 

split, lumped, or an exact match to an ESUmorph were counted. Exact matches are where an ESU 

contains all species from a single morphospecies and no other. Morphospecies are split if they are 

found in more than one ESU and lumped if multiple morphospecies are present within a single ESU. 

These counts were performed for ST-GMYC, MT-GMYC, PTP-all, and PTP-raw but not for MM-

GMYC because the method returns non-integers. 

Factors influencing residual variation of species richness and lumping and splitting of 

morphospecies 

Generalised Linear Mixed Models (GLMM; Bates et al. 2014) with a Poisson error structure were 

used to ascertain how residual variation varies with species delimitation method, combination of 

phylogenetic and smoothing method, rate heterogeneity, and presence of unresolved nodes. Three 

GLMMs were used to ask: For (1) all trees and (2) BEAST trees, how does residual variation vary 
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with species delimitation and phylogenetic method? (3) For trees with post hoc smoothing, how does 

residual variation vary with species delimitation and phylogenetic method, presence of unresolved 

nodes and rate heterogeneity? For each of the models, residual variation was used as the response 

variable and clade was blocked out as a random effect. 

A Generalised Linear Model (GLM) with a quasibinomial error structure was used to assess if the 

proportion of morphospecies that are an exact match to an ESU (response variable) differed among 

species delimitation method, clade, and combination of phylogenetic and smoothing method 

(explanatory variables). 

For each of the models, significant differences among the levels were identified using post hoc Tukey 

HSD tests (multcomp 1.3-1 R package - Hothorn et al. 2008). All analyses were performed in R.
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Results 

For each of the 16 clades, ten gene trees (4x BEAST, MrBayes, GARLI, PhyML, RAxML, NJ, and 

UPGMA) and 25 ultrametric trees were generated. MrBayes analysis of the cowrie dataset (1,459 

tips) failed to converge, leading to a total of 159 gene trees and 396 ultrametric trees. These were 

analysed using the ST-GMYC (396 analyses), MT-GMYC (374 analyses), and MM-GMYC (286 

analyses). For the cowries, only the ST-GMYC was performed owing to computational demands; 

MT-GMYC ran for over a week on a 3GHz processor with 8GB RAM without reaching a local 

likelihood optimum. The reduced number of analyses for the MM-GMYC is due to the method not 

accommodating trees with unresolved nodes without manual input (the logarithm of zero length 

branches produces an infinite branching rate), which would not have been achievable within the realm 

of the present study. In total, 475 PTP and 1,056 GMYC analyses were performed (Table S3.3). 

Species richness 

For each dataset, the number of ESUs estimated (non-Rotifera, Fig. 1a-c; Rotifera, Fig. S2) and their 

residual variation (Table 3.1; Fig. 3.1d-g) varied among species delimitation methods. For all datasets, 

the PTP estimates, especially PTP-raw, best matched the expected diversity (Table 3.1; Fig. 3.1d-g). 

GMYC estimates varied depending on whether one or multiple thresholds or a multimodel approach 

was used (non-Rotifera, Fig. 3.1a-c; Rotifera, Fig. S3.2); the MM-GMYC and MT-GMYC inferences 

were the most consistent (Fig. 3.1d-g; Table 3.1). The ST-GMYC estimates were more variable (non-

Rotifera, Fig. 3.1a-c; Rotifera, Fig. S3.2) and differed more from the expected diversity (Fig. 3.1d-g; 

Table 3.1). Reanalysis of these data without BEAST and UPGMA trees removes some of the 

significant differences associated with delimitation method (Table 3.1). For the non-Rotifera dataset, 

there are no differences among the species delimitation methods. For the Rotifera dataset, ST-GMYC 

is the only significantly different method (Table 3.1). When only BEAST trees were analysed, there 

were no significant differences in residual variation among delimitation methods (Fig. 3.2d-e; Table 

S3.4). 

Different combinations of phylogenetic and smoothing method resulted in varied ESU estimates (non-

Rotifera, Fig. S3.3; Rotifera, Fig. S3.2) and residual variation (Fig. 3.3; Fig. S3.4; Table S3.5). The 

tendency to under- or overestimate diversity relative to the mean varied randomly among trees 

smoothed with different methods (Table S3.6). Gene trees smoothed with the chronopl and chronos 

functions typically led to highly variable ESU estimates (non-Rotifera, Fig. S3.3; Rotifera, Fig. S3.2) 

that differed from the expected diversity (Fig. 3.3; Fig. S3.4; Table S3.6).
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Table 3.1 Simultaneous pairwise Tukey HSD tests for General Linear Hypotheses. Differences in residual variation of ESU estimates between each 

delimitation method (Species richness) analysed separately for the non-Rotifera and Rotifera datasets and the proportion of exact matches to the traditional 

species (Species identity) analysed for non-Rotifera datasets. 

ST-GMYC, MT-GMYC, and MM-GMYC refer to GMYC using a single-, multiple-threshold, and multimodel approach. PTP-all and PTP-raw refer to 

species delimitation analyses where either all of the trees were used, or only the trees that were not rate smoothed post hoc. Analyses were for (1) all of the 

trees and (2) the reduced dataset without BEAST or UPGMA trees (for which unresolved nodes were absent). 

Species richness Species identity 

  
non-Rotifera Rotifera non-Rotifera 

Comparison 
 

Estimate 
Std. 

Error 
Z P Estimate 

Std. 

Error 
Z P Estimate 

Std. 

Error 
Z P 

All trees                           

ST-GMYC MT-GMYC -0.023 0.07 -0.33 1 0.10 0.017 5.92 < 0.001 0.084 0.1 0.8 0.85 

ST-GMYC MM-GMYC 0.16 0.08 2.07 0.22 0.13 0.019 6.8 < 0.001 - - - - 

ST-GMYC PTP 0.28 0.1 -4.80 <0.001 0.18 0.017 -10.4 < 0.001 -0.18 0.081 -2.16 0.13 

ST-GMYC PTP-raw 0.25 0.09 -2.71 0.05 0.19 0.03 -7.10 < 0.001 -0.12 0.12 -1.03 0.72 

MT-GMYC MM-GMYC 0.18 0.08 -2.26 0.15 0.024 0.019 -1.30 0.69 - - - - 

MT-GMYC PTP 0.31 0.07 -4.54 <0.001 0.075 0.017 -4.41 < 0.001 -0.26 0.1 2.55 0.05 

MT-GMYC PTP-raw 0.28 0.10 -2.77 0.042 0.09 0.03 -3.31 0.0078 -0.21 0.14 1.52 0.41 

MM-GMYC PTP 0.13 0.07 -1.70 0.42 0.051 0.018 -2.77 0.042 - - - - 

MM-GMYC PTP-raw 0.097 0.10 -0.93 0.88 0.066 0.03 -2.4 0.12 - - - - 

PTP PTP-raw -0.03 0.09 0.35 1 0.014 0.02 -0.58 0.98 0.051 0.11 -0.46 0.97 

Reduced dataset with no BEAST or UPGMA trees     

ST-GMYC MT-GMYC 0.16 0.25 0.63 0.97 0.18 0.038 4.74 < 0.001     

ST-GMYC MM-GMYC -0.15 0.3 -0.43 0.99 0.17 0.04 4.22 < 0.001     

ST-GMYC PTP 0.045 0.18 -0.25 0.99 0.26 0.036 -7.162 < 0.001     

ST-GMYC PTP-raw 0.11 0.40 -0.27 0.99 0.25 0.07 -3.52 0.0034     

MT-GMYC MM-GMYC -0.31 0.38 0.81 0.92 -0.0033 0.041 0.08 0.99     

MT-GMYC PTP -0.11 0.26 0.45 0.99 0.083 0.036 -2.28 0.14     

MT-GMYC PTP-raw -0.052 0 0.1 1 0.07 0.07 -1.00 0.85     

MM-GMYC PTP 0.19 0.35 -0.56 0.98 0.086 0.040 -2.14 0.19     

MM-GMYC PTP-raw 0.26 0.50 -0.52 0.98 0.074 0.07 -1.02 0.84     

PTP-raw PTP 0.062 0.36 -0.18 1 -0.013 0.07 0.20 0.99     

Unresolved nodes 

absent 

Unresolved nodes 

present 

2.95e
-5

 0.36 0 1 0.23 0.039 5.92 <0.001     
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Figure 3.1 Distribution of ESU estimates (a-c) and residual variation around the expected 

diversity (either the traditional species count [ESUmorph; d-f] or the average ESU estimate for that 

clade [ESUmeanB; g]) per species delimitation method. 

Cowries (a, d), Drosophila (b, e), Romanian butterflies (c, f), and Rotifera (g), and the five species 

delimitation methods for each clade (ST-GMYC = single threshold, MT-GMYC = multiple 

thresholds, MM-GMYC = multimodel, PTP-all = all trees, and PTP-raw = trees without post hoc 

smoothing) are shown separately. The traditional species count (red, dashed line), median (thick, 

black lines), first and third quartiles (box), 1.5 times the interquartile range (whiskers), and outliers 

(circles) are shown. Letters above the boxes represent significantly different comparisons. 

 

Unresolved nodes and rate heterogeneity 

The proportion of unresolved nodes differed among gene trees (Fig. 3.2c), from none for BEAST 

trees to 24% for NJ and 43.8% for MrBayes trees. Increased residual variation is related to the 

presence of unresolved nodes for Rotifera (GLMM: t=5.92, d.f.=1,046, P<0.0001; Fig. 3.2b) but not 

non-Rotifera (GLMM: t=0, d.f.=81, P=0.16; Fig. 3.2a) clades, and interacts with rate heterogeneity 

for both Rotifera (GLMM: t=-3.27, d.f.=1,046, P=0.0011) and non-Rotifera (GLMM: t=-3.28, 

d.f.=81, P=0.0015) datasets. 
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Figure 3.2 The relationship between residual variation of ESU estimates and species delimitation 

method when unresolved nodes are absent or present (non-Rotifera [a] and Rotifera [b]), and the 

number of unresolved nodes for each of the phylogenetic methods (c). 

Analysis of BEAST trees on their own, where nodes are completely resolved, results in lower residual 

variation in both non-Rotifera (d) and Rotifera (e) datasets, compared to Fig. 3.1d-f and Fig. 3.1g, 

respectively. The five species delimitation methods are analysed separately. Signs above the boxes 

denote significant differences at P <0.05 (*) and P <0.001 (***). NA = not applicable, NS = not 

significant, N = unresolved nodes are absent, Y = unresolved nodes are present, B = BEAST, MB = 

MrBayes, G = GARLI, P = PhyML, R = RAxML, NJ = neighbour joining, and U = UPGMA.
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Figure 3.3 The relationship between residual variation of non-Rotifera (a) and Rotifera (b) ESU 

estimations pooled for all the delimitation methods with respect to the different combinations of 

phylogenetic and smoothing methods. 

Each dataset was analysed using eight different phylogenetic methods (grey shaded areas). Median 

(thick black lines), first and third quartiles (box), 1.5 times the interquartile range (whiskers), and 

outliers (circles) are shown. bd = birthdeath, c = coalescent. 

 

Species identity 

The proportion of morphospecies that were inferred as an ESU did not differ significantly among the 

different species delimitation methods (Fig. 3.4; Table 3.1). Most of the combinations of phylogenetic 

and smoothing methods produced similar proportions of exact matches (Table S3.6; Fig. 3.4), but 

those smoothed with chronopl or chronos produced significantly lower proportions of exact matches, 

resulting from either higher levels of lumping or splitting. Differences were the largest among the 

datasets, with a significantly higher proportion of exact matches for the Romanian butterflies than for 

the cowries (GLMbinomial: Z = 3.39, P < 0.001; Fig. 3.4), but no differences when compared to the 

Drosophila. The proportion of exact matches was on average 63±2% and was highest for the 

Romanian butterflies (70.4±3.5%), followed by Drosophila (59.1±2.6), and cowries (58±4.4%; Fig. 

3.4; Fig. S3.5). The type of mismatches differed in proportion between the three datasets (Fig. S3.5): 

cowries were typically split, Drosophila were lumped (ST-GMYC, PTP) and split (MT-GMYC), and 

the Romanian butterflies were lumped. 
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Figure 3.4 The relationship between the proportion of exact matches (morphospecies = ESU) 

and (a) species delimitation metric, (b) dataset, and (c) combination of phylogenetic and smoothing 

method. 

Each dataset was analysed using eight different phylogenetic methods (grey shaded areas). Median 

(thick black lines), first and third quartiles (box), 1.5 times the interquartile range (whiskers), and 

outliers (circles) are shown. Letters above the boxes represent significantly different comparisons.
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Discussion 

Good taxonomy is central to any discipline using species as a fundamental unit. Coalescent-based, 

phylogenetic species delimitation clusters sequences into evolutionarily significant units. This 

approach relies heavily on the underlying tree and is affected by the choice of phylogenetic method 

(Talavera et al. 2013). Our results indicate that the PTP method produces ESU estimates that are more 

robust to phylogenetic reconstruction method than the GMYC method, except when BEAST trees are 

used. 

Specifically, residual variation in ESU estimates was lowest for PTP-raw. The three implementations 

of the GMYC method differed in how robust they were to phylogenetic method (MM-GMYC > MT-

GMYC > ST-GMYC). As expected, the MM-GMYC produced ESU estimates that were more robust 

to different phylogenetic methods, although the MM-GMYC estimate is typically an average. Species 

delimitation using both the PTP and GMYC methods was consistent (lower residual variation) for 

BEAST trees, possibly because they require no post hoc smoothing step and contain no unresolved 

nodes. In contrast, analysis of NJ trees resulted in particularly large deviations in ESU estimates, 

irrespective of smoothing method. This is not surprising given that NJ is a clustering method that does 

not rely on an evolutionary model (Saitou and Nei 1987), known to underperform if the distance 

measure is not a correct estimate of nucleotide substitutions (Tateno et al. 1994; although more recent 

simulations have shown that NJ is a good approximation for minimum evolution - Gascuel and Steel 

2006). There is also a large increase in residual variation associated with chronopl and chronos 

branch smoothing, which are particularly prone to haphazard lumping and splitting ESUs irrespective 

of the degree of between-branch smoothing (λ) chosen (Supplementary File S3.3). This finding 

concurs with that of Talavera et al. (2013) who found that GMYC analyses of NJ trees smoothed with 

PATHd8, chronopl, or chronos produced aberrant ESU counts. 

To quantify parameters that differ among trees and may affect ESU estimates, we analysed the effect 

of rate heterogeneity and unresolved nodes, which are either characteristics of poor tree reconstruction 

(methodological or sample issues) or real features of the data. We found a significant effect of both 

these parameters on the GMYC and PTP output: diversity estimates for trees with highly variable 

rates and/or unresolved nodes deviated more widely from the expected diversity than clocklike, 

resolved trees (e.g. BEAST trees). Branch smoothing of trees with highly variable substitution rates 

can lead to exaggerated stretching of branches (Drummond and Suchard 2010), which will detriment 

all coalescent-based species delimitation methods that use branch lengths as an input. Unresolved 

nodes in the tree impinge on correct diversity estimates because their resolution can lead to artefacts 

in the branch length data (e.g. infinite branching rates) that could result in misplaced coalescent 

thresholds used for delimitation. For the GMYC, splitting might occur if infinite branching rates are 

found closer to the tips, while for the PTP, it might result from increased average, observed 
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intraspecific cohesiveness resulting from no increase in branch lengths with more tips. Contrarily, the 

diversity could be underestimated if the unresolved nodes are closer to the root for the reciprocal 

reasons. Whether unresolved nodes and rate heterogeneity in the data are correlates or causes of 

incorrect diversity estimates remains to be tested. Encouragingly, their effect is alleviated when 

BEAST trees are used as input. 

As a measure of how species identity differed among the methods, we assessed the proportion of 

ESUs that were exact matches to traditional species (morphospecies). We found similar levels of 

species richness to the traditional taxonomy but varying levels of discordance in identity between the 

traditional and DNA taxonomy. The proportion of exact matches was on average 63%, and variation 

in this was associated primarily with combination of phylogenetic and smoothing method and 

taxonomic group but less with species delimitation method. We found no significant differences in the 

proportion of exact matches between the species delimitation methods, although the PTP method was 

qualitatively higher. The largest differences were between the three clades, and potentially points to 

the varying levels of taxonomic work in these groups. These differences seem to be driven by 

aberrantly deviant ESU estimates (in terms of richness and identity) associated with the use of 

chronopl and chronos smoothing methods, which typically split the cowrie morphospecies and 

lumped the Drosophila and Romanian butterfly species. 

Traditional species of the Romanian butterflies appear to be supported by DNA taxonomy perhaps 

because the dataset represents a geographical (rather than taxonomic) sample. Species are expected to 

appear more distinct in such a sample because the closest relatives of most sampled species will not 

be sampled (Bergsten et al. 2012). Although, the proportion of morphospecies that were lumped, 

relative to split, indicates that lower intraspecific sampling in this clade is overrepresenting the Yule 

process in the tree and thus missing some of the ESUs. The higher intraspecific sampling for the 

cowries and Drosophila, indicates that the splitting of these species could be associated with 

unresolved taxonomy (Packer et al. 2009) or overlapping intra- and interspecific variation (Meyer and 

Paulay 2005; Wiemers and Fiedler 2007). While efforts have been made to resolve the taxonomy of 

these groups (e.g. Meyer and Paulay 2005; O’Grady and Markow 2009), a more concerted effort is 

required to address the gap between DNA and traditional taxonomy across the entirety of these clades 

(C. Meyer pers. comm). 

By assessing ESU counts across 16 datasets with over 1,500 separate species delimitation analyses, 

we have shown that the PTP-raw model with any robust gene tree and the GMYC used on BEAST 

trees produce consistently robust and, on average, accurate species estimates. These findings can 

probably be extrapolated to other genetic markers: COI and 18S are typically used for animals (e.g. 

Tang et al. 2012, 2014b), multiple markers (e.g. 16S) for bacteria (e.g. Barraclough et al. 2009; 

Morlon et al. 2012), ITS for fungi (Powell et al. 2011) and multiple markers (e.g. matK and rbcL) for 
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plants (e.g. CBOL Plant Working Group 2009). Although the variability of these markers will likely 

yield different degrees of coalescent clustering and species separation (e.g. Tang et al. 2012) that 

warrants a more thorough evaluation. 

Coalescent-based species delimitation is likely to gain in popularity: either to facilitate the description 

of biodiversity in an integrative, iterative way as a tool to tackle the burgeoning taxonomic crisis 

(Puillandre et al. 2012b), or to cluster sequences from NGS studies (e.g. Creer et al. 2010; Chariton et 

al. 2014). The latter would benefit from evolutionary approaches that provide a deeper understanding 

of the nature and extent of diversity (Barraclough et al. 2009). Applying coalescent-based species 

delimitation to NGS is currently limited by the amount of variability, the short (but ever increasing) 

read lengths, the amplification success of the markers used, and the computational expense of the 

coalescent-based metrics. As with all DNA taxonomy studies, primers need to be designed to combat 

the low amplification success of certain primers (Zhan et al. 2014), robust bioinformatics pipelines 

need to be developed (S. Creer pers. comm.), and sampling regimes that are representative of intra- 

and interspecific variability and geographic range should be considered (Papadopoulou et al. 2008; 

Lohse 2009; Bergsten et al. 2012; Talavera et al. 2013). 

The PTP method is appealing when speed is of the essence because ultrametric trees are not required 

(Zhang et al. 2013), meaning that some of the problems encountered and the additional computation 

required with branch smoothing may be circumvented. However, the PTP makes the assumption that 

branching events scale with substitutions rather than time, which might be violated when substitution 

rates are heterogeneous. The GMYC with a BEAST tree provided equally consistent estimates but 

obtaining BEAST trees is computationally expensive. However, when rate heterogeneity is high and 

can be adjusted across the tree estimation using models, perhaps by use of well-informed internal 

calibration priors, then diversity estimation might benefit from sophisticated dating and diversity 

estimation procedures. We feel that the GMYC is more true to the speciation process, in that 

speciation and coalescence happen over time and not necessarily in relation to how many substitutions 

occur in marker genes. While the transition between speciation- and coalescent-processes, used to 

delimit species, might be mirrored by differences in the number of species- and population-level 

substitutions (PTP), time is a more direct expression of the process, therefore methods that separately 

model this transition (time; GMYC) and phylogenetic methods that formally correct for substitution 

rate variation among species (e.g. BEAST) are conceptually more appropriate. We recommend use of 

both PTP and GMYC methods with the appropriate phylogenetic tree or choosing between them on a 

case-by-case basis, bearing in mind the differences in speed and underlying theory inherent in the two 

methods. The PTP method with non-ultrametric trees is currently quicker to implement than the 

GMYC, especially the MM-GMYC, although the speed of the GMYC could be increased with 

parallelisation. Both the phylogenetic and species delimitation steps become computationally 

demanding for larger datasets (e.g. NGS studies). Such datasets, which are often taxonomically broad, 
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are likely to violate use of a single substitution rate and so increased parameterisation and prior 

information is more likely to yield trees that better reflect the data and thus provide more realistic 

diversity estimates. We envisage that better phylogenetic handling of substitution rate heterogeneity 

within the samples, irrespective of delimitation method, and the use of ESU nodal support as a proxy 

for species identity confidence, would further improve the delimitation of primary species hypotheses 

from single-locus marker surveys.
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Chapter 4: Factors affecting the successful DNA barcoding of neglected 

biodiversity: insights from the taxonomically unresolved Rotifera 

Abstract 

DNA barcoding is a technique proposed for the accelerated identification of biodiversity, but it is 

unreliable if the base taxonomic unit used is unresolved. Criticisms of DNA barcoding rely on the 

assumption that diversity is split into discrete groups separated by a distinct “barcode gap”. Here we 

assess whether this barcode gap exists in the taxonomically neglected group of Rotifera using DNA 

taxonomy as a tool to circumvent their unresolved taxonomy. We assess the success of identification 

through DNA barcoding and highlight factors that correlate with this success and the ability to find a 

barcode gap. DNA barcode identification success is based on whether taxa can be re-identified based 

on three criteria (nearest neighbour, thresholds, and best close match). We show that taxa can be 

identified with high success rates but that flawless results are unlikely given the lack of an 

unequivocal barcode gap. Our results benefit from the simultaneous analysis of 12 different Rotifera 

datasets (>4,000 sequences) that differ in their sampling regimes and diversity, allowing us to show 

that finding a barcode gap is correlated with incomplete sampling and the prevalence of singletons. 

DNA barcode identification success is positively correlated with high numbers of sequences and 

greater sampling of expected diversity, contrastingly, the prevalence of singletons is a limiting factor. 

Interestingly we find that sexual monogonont rotifer species are identified with typically higher 

success than bdelloid rotifer species, indicating that perhaps discreteness of species might be related 

to reproductive mode, although more investigation is required. We anticipate that these results will be 

used to justify intensive breadth and depth of taxonomic sampling for DNA barcode identification 

success, but also that additional sources of evidence will be necessary to identify taxa without error.
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Introduction 

There is an overwhelming taxonomic crisis; the expected global biodiversity cannot feasibly be 

described by traditional means (Blaxter 2003; Carbayo and Marques 2011), especially with a paucity 

of specialised taxonomists (Meier et al. 2006). Consistent identification of species, a fundamental unit 

for most biodiversity studies, is quintessential for the understanding of their ecology and evolution 

(Creer et al. 2010). Meiofaunal groups (i.e. animals that can pass unharmed through a 500µm mesh), 

despite being abundant, diverse, and ecologically important (Giere 2009), are particularly unpopular 

among taxonomists (Kennedy and Jacoby 1999; Blaxter et al. 2004; Fontaneto et al. 2009), and thus 

relatively little is known about their true diversity and functioning (Blaxter 2003; Tautz et al. 2003; 

Blaxter et al. 2005; Curini-Galletti et al. 2012). Identification of meiofauna is difficult due to their 

small size, the reliance on live specimens, variable spatial and temporal distribution, cost in terms of 

both time and effort, limited taxonomic literature that is accessible to non-specialist workers, 

abundance of cryptic taxa, and limited curation of type specimens (Fontaneto et al. 2009; Curini-

Galletti et al. 2012). The ubiquity of meiofauna and the difficulty with which they are traditionally 

identified combine to highlight an important yet neglected component of biodiversity. 

DNA barcoding is the standardised use of a genetic loci (typically cytochrome oxidase c subunit I 

[COI] in animals – Hebert et al. 2003b, but also 18S – Floyd et al. 2002) as an effective and efficient 

means of rapidly identifying species (Hebert et al. 2003a; Vogler and Monaghan 2007). Variation in 

COI is used as a diagnostic measure to distinguish between species where perhaps traditional 

characteristics are unreliable or more difficult to measure (Zhang et al. 2010; Leasi et al. 2013; 

Fontaneto 2014). This approach for the identification of biodiversity has gained a lot of support, with 

the Consortium for the Barcode of Life (CBOL) and data systems (BOLD - Ratnasingham and Hebert 

2007) being set up to tag and identify every organism on Earth. This approach is particularly attractive 

in groups where traditional taxonomy is challenging (Blaxter 2003; Blaxter et al. 2004; Pawlowski et 

al. 2012; Powell 2012). 

DNA barcoding is difficult in taxonomically understudied groups (Meyer and Paulay 2005) as poor 

taxonomy and incompatible species criteria invalidate one of the key assumptions of DNA barcoding; 

namely that diversity is split into discrete groups with non-overlapping intra- and interspecific 

variation (i.e. the ‘barcode gap’). Incorrect morphological assignment of species may lead to 

misinterpretation of results obtained by DNA barcoding. Unresolved taxonomy is common (Funk and 

Omland 2003), particularly in meiofauna (Tang et al. 2012), and this can artificially inflate the 

overlap between intra- and interspecific variation, thus shrouding any barcode gap (Astrin et al. 2012). 

Rotifera is typical of meiofaunal groups in that it has unresolved taxonomy rife with cryptic taxa (e.g. 

Suatoni et al. 2006; Fontaneto et al. 2009). The unsettled taxonomy of rotifers is a major limitation to 
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their DNA barcode-based identification (although see García-Morales and Elías-Gutiérrez 2013), 

however, the wider adoption of DNA taxonomy (i.e. discovery of species via molecular techniques) 

has helped to clarify taxonomic issues as well as elucidate evolutionary and ecological patterns (see 

Fontaneto 2014 and references therein). 

In the absence of a fully resolved taxonomy, an issue very apparent for the vast majority of 

meiofaunal groups (Tang et al. 2012), biologically relevant comparable units of diversity 

(evolutionarily significant units; ESUs) can be obtained by adopting methods such as the Generalized 

Mixed Yule Coalescent (GMYC) model for species delimitation (Pons et al. 2006; Fontaneto et al. 

2007d; Birky and Barraclough 2009; Fujisawa and Barraclough 2013). Here I assess identification of 

Rotifera diversity through DNA barcoding of both traditionally defined morphospecies and ESUs. 

Specifically: (1) I ascertain whether a DNA barcode gap exists in a sample of 12 rotifer genera 

(>4,000 sequences), (2) whether three typically used DNA barcoding metrics (nearest neighbour, 

threshold ID, best close match) can consistently identify rotifer taxa, and (3) what factors correlate 

with its success and failure. By highlighting DNA barcode identification correlates of success, I 

provide a set of guidelines for DNA barcoding studies.



Chapter 4: Factors affecting successful DNA barcoding 

62 

 

Materials and Methods 

Data collection 

Cytochrome oxidase c subunit I (COI) sequences were obtained from GenBank. This gene was chosen 

as it has been championed as the barcoding gene (Hebert et al. 2003a) as it is variable enough to 

delimit species (Tang et al. 2012) and as such has been the gene of choice for Rotifera. In total 4,250 

sequences (of which 1,143 were unique) from a total of 95 morphospecies were analysed. The final 

dataset consisted of 12 genera, five of which were bdelloid rotifers with the remaining seven being 

monogonont rotifers. 

Generalized Mixed Yule Coalescent model (GMYC) 

The morphological assessment of meiofauna and the inferred species boundaries are often blurry and 

incomparable. The GMYC model (Pons et al. 2006; Fujisawa and Barraclough 2013) was 

implemented to define comparable units of biodiversity under the Evolutionary Genetic Species 

Concept (EGSC: Birky et al. 2010). The GMYC model tests for significant shifts in branching rate in 

an ultrametric tree indicative of a switch from between-species evolutionary processes (Yule) to 

within-species population level processes (coalescent). This is expected if the dataset comprises of 

multiple individuals from a set of independently evolving entities (Birky and Barraclough 2009; 

Fujisawa and Barraclough 2013). It then fits a model encompassing two different branching rates and 

calculates the fit of that model to the data, a Χ
2
 test is performed to gauge the significance of the 

application of the GMYC model against the null hypothesis (i.e. a single coalescent with one 

branching rate). The threshold between population and species-level processes identified by the model 

is used to delimit taxa grounded in evolutionary theory (i.e. ESUs). This analysis were performed in R 

v2.15.2 (The R Development Core Team 2014) with the splits v1.0–11 package (Ezard et al. 2009 - 

available from https://r-forge.r-project.org/ projects/splits). 

Phylogenetic analyses 

The GMYC model requires fully dichotomous ultrametric gene trees as an input. DnaSP v5.10.01 

(Librado and Rozas 2009) was used to collapse the sequences into unique haplotypes. These 

haplotypes were aligned with a suitable outgroup using MAFFT v7.017 (Katoh et al. 2009) with the 

default settings and were checked and edited in Geneious Pro v5.4.2 (Drummond et al. 2006). 

Both maximum likelihood (ML) and Bayesian inferred (BI) trees were obtained for each dataset. 

Maximum likelihood trees were reconstructed using RAxML (Stamatakis et al. 2008) with a gamma 

model of rate heterogeneity. Each tree was made ultrametric using penalised likelihood in r8s v1.71 

(Sanderson 2003) where cross-validation analyses were performed to determine the best rate of 

smoothing. In some cases multichotomies were collapsed in R using the ape 3.0.7 package (Paradis et 

al. 2004). Bayesian rooted, time-measured phylogenies were reconstructed using BEAST v1.6.1 
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(Drummond and Rambaut 2007). Both RAxML (and r8s) and BEAST methods for producing 

ultrametric trees are recommended for the GMYC method (Talavera et al. 2013; Chapter 3 - Tang et 

al. 2014a), and both were used to identify whether the results are comparable. 

Barcode gap 

We define a barcode gap in two ways: (1) using the morphospecies or ESU groupings to identify a 

lack of an overlap between minimum interspecific variation and maximum intraspecific variation 

(Meier et al. 2008) or (2) without a priori species groupings using the automatic barcode gap 

discovery method (ABGD; Puillandre et al. 2011). 

(1) For each set of ESUs, we calculated intra- and interspecific pairwise distance under the Kimura 

two parameter (K2P) distance model (Kimura 1980) in R using the spider v1.1.3 package (Brown et 

al. 2012). To justify the use of K2P distances over other evolution models, we generated distance 

matrices for all of the datasets using the nine evolution models available in the ape (F81, F84, GG95, 

JC69, K80, K81, raw, T92, TN93) and calculated the minimum, mean, and maximum intra- and 

interspecific distances for each dataset. The effect of model choice was assessed by linear mixed 

effect models (LMEM; see below). We show that the K2P model is not significantly different to most 

other models of evolution and so we use the K2P model as is typical of DNA barcoding studies. 

(2) Using the ABGD method, a barcode gap can be defined without any a priori species groupings. 

The ABGD uses a range of prior intraspecific divergences to infer from the data (sequence alignment) 

a model-based one-sided confidence limit for interspecific divergence (Puillandre et al. 2012a). The 

barcode gap is identified as the first significant increase in ranked distances beyond this limit; this 

ABGD barcode gap allows some overlap between intra- and interspecific distance. The presence of a 

barcode gap was determined using the ABGD online tool with a K2P model of evolution but 

otherwise default settings (available at http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html). The 

correct species estimate (i.e. barcode gap threshold) was selected, as suggested by Puillandre et al. 

(2012a), using gene specific priors for maximum divergence of intraspecific diversity (0.01 for COI). 

DNA barcoding summary statistics 

Sequences in the haplotype alignments used to generate the GMYC entities were tagged according to 

either their morphospecies name or their GMYC entity number. Non-unique haplotypes removed in 

the previous step were replaced and given the same tag as the other sequences within the same 

haplotype. These sequences were analysed using the spider v1.1.3 package (Brown et al. 2012) in R, 

which was designed specifically for DNA barcoding analyses and provides summary statistics for a 

host of DNA barcoding statistics including: nearest neighbour (Hebert et al. 2003a), best close match 

(Meier et al. 2006), and optimized threshold IDs (Meyer and Paulay 2005). Each sequence in the 

datasets has a name vector (i.e. morphospecies or ESU name), the metrics take each sequence in turn 
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(with replacement) and assess whether that focal sequence can be identified based on the other 

sequences within that dataset. Each metric identifies the focal sequences measuring different aspects 

of the data. Specifically: 

Nearest neighbour (NN) – This metric places the focal sequence into a neighbour joining distance tree 

and finds the closest individual to the target. The method is deemed a success if the nearest neighbour 

name matches the original focal sequence name. 

Optimized threshold ID (TI) – This metric uses a distance matrix and highlights all of the sequences 

within a user defined threshold of the focal sequence. For the optimized threshold and the best close 

match metric (see below), this user defined threshold is optimized from the data by choosing the 

threshold that minimises the cumulative identification error. All of the species names within this 

distance threshold are returned. The success of this identification is based on the species names of 

those highlighted sequences. There are four possible outcomes for each identification query: 

“correct”, “incorrect”, “ambiguous”, and “no ID”. If all the sequences within the threshold have the 

same species name as the query, then it is considered “correct”. If all the sequences within the 

threshold are different to the query, then the query is considered “incorrect”. If both incorrect and 

correct sequences are within the threshold then the query name is considered “ambiguous”. If there is 

no match within the threshold then the query is considered to have “no ID”, this is typical of singleton 

taxa. 

Best close match (BCM) – This method is similar to the nearest neighbour metric, but in addition it 

incorporates a threshold so that a “nearest neighbour” above an untenably large threshold would be 

considered unidentified (no ID). Similar to the optimized threshold ID, the same four outcomes 

(“correct”, “incorrect”, “ambiguous” and “no ID”) are given, but differs from the threshold ID method 

in how it deals with ambiguous queries. As long as the closest match to the sequence within the 

threshold has the same species name, then it does not matter if other sequences within the threshold 

are incorrect. Ambiguous identification comes about when there is more than one equally close match 

of different species including the “correct” one. 

To ascertain the effect of rare taxa, we conducted separate analyses on the same datasets but with 

singletons removed. 

Data analysis 

The analysis was split up into three parts: (1) Does choice of model of evolution affect the 

identification of a barcode gap, (2) What parameters correlate with ABGD success, and (3) What 

parameters correlate with ESU DNA barcoding success? 
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(1) Srivathsan and Meier (2012) suggested that choice of evolutionary model could affect the 

magnitude of a barcode gap. We used two different LMEMs in R using the nlme 3.1.105 package 

(Pinheiro et al. 2013) to determine whether choice of evolutionary model affects the magnitude of a 

barcode gap or an overlap. The response variables for these models were either the ratio of mean 

interspecific to intraspecific variation (Inter. mean / Intra. mean) or the overlap between the minimum 

interspecific and maximum intraspecific variation (Inter. min - Intra. max), evolutionary model and 

phylogenetic reconstruction method (BI or ML) were the explanatory variables, and dataset (12 in 

total) was blocked out as a random effect. A generalised linear model (GLM) is not used here because 

the Poisson family of error structure does not accommodate negative values. 

(2) A GLM with a quasiPoisson error structure was used to identify which parameters correlated with 

the number of OTUs identified by the ABGD method. A maximal model was made with the number 

of ABGD OTUs as a response variable and the number of sequences, haplotypes, GMYC ESUs, 

group (Bdelloidea vs. Monogononta), and the proportion of expected diversity sampled as explanatory 

variables. The maximal model included all of the possible explanatory variables and their interactions. 

A minimum adequate model was produced by sequentially removing non-significant parameters 

(Crawley 2007) and assessing unacceptable increases in model deviance. 

(3) The summary statistics for the DNA barcoding were collated for the different datasets; these 

included the distribution of NN, TI, and BCM scores. First we used a GLM with a quasibinomial error 

structure to ascertain whether the metric of identification (explanatory) predicted DNA barcode 

identification success (response). Secondly, to ascertain which parameters correlate with DNA 

barcoding success, a GLM with a binomial error structure was used with the DNA barcoding success 

value as the response variable and number of sequences, haplotypes, ESUs, group, and the proportion 

of expected diversity sampled as explanatory variables. The minimum adequate model was obtained 

from the maximal model and repeated for each of the three identification metrics.
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Results 

Phylogenetic analyses 

We obtained 4,250 COI sequences from GenBank, 3,962 of which were identified to species level (95 

morphospecies; Table S4.1). Most morphospecies (81 out of 95) were represented by multiple 

specimens, with an average of 42 sequences per morphospecies. The average sequence length was 

624bp. No indels, NUMTs, or stop codons were found in any of the alignments. 

Generalized Mixed Yule Coalescent model (GMYC) 

GMYC analysis of the gene trees produced using the different phylogenetic methods resulted in little 

difference in ESU number (GLM: t = 0.094, D.F. = 46, P = 0.93) and identity. In total, the GMYC 

identified 509 BEAST and 498 RAxML ESUs. The ratio of ESU: morphospecies (DNA: traditional 

taxonomy) based on either BEAST or RAxML gene trees ranges from 2:1 (Synchaeta) to 11:1 

(Rotaria). ESU counts were on average five times higher than morphospecies counts (Table S4.1). On 

average, each ESU has 2.26 (±0.21) unique haplotypes with a minority being singleton taxa (24.62%). 

Finding the barcode gap 

When generating distance matrices among the GMYC ESUs, all models of evolution (except the 

GG95 model) were not significantly different to K2P distances (Table 4.1). Based on K2P distances, 

none of the morphospecies groupings had a barcode gap. In all but three of these datasets (Keratella, 

Lecane and Synchaeta) the mean interspecific variation was actually less than the mean intraspecific 

variation (Table S4.1; Fig. 4.1). When groupings were based on ESUs instead of morphospecies, five 

(out of 12) of the ESU datasets had a barcode gap (Table S4.1) whereby the minimum interspecific 

distances were larger than the maximum intraspecific distances (Meier et al. 2008). When all 

sequences are pooled together, no distinct barcode gap exists (Fig. 4.1). The number of OTUs defined 

by the ABGD method is negatively correlated with the proportion of expected diversity sampled, and 

positively with the prevalence of singletons and the number of ESUs delimited using the GMYC 

method (Table 4.2; Fig. 4.2). The ABGD method was able to discover a barcode gap for eight datasets 

(Table S4.1). Of these eight datasets, four were found to have a barcode gap as defined by Meier, with 

only Lecane having a Meier barcode gap but not an ABGD barcode gap (Table S4.1). The ABGD 

method was able to find a barcode gap in Ascomorpha, Brachionus, Philodina, and Rotaria where no 

Meier barcode gap could be found. 
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Figure 4.1 Distribution of pairwise intraspecific and interspecific variation for morphospecies 

(a), BEAST ESUs (b) and RAxML ESUs (c). 

The ESUs were delimited using a single-threshold GMYC method. 

 

DNA barcode based identification 

Failure to identify ESUs via DNA barcoding is significantly and negatively correlated with the 

number of sequences, number of unique haplotypes, and the proportion of the expected diversity 

sampled, while being positively correlated with the number of singleton taxa (Table 4.3, Fig. 4.3). 

DNA barcode identification success was typically higher in monogonont compared to bdelloid rotifers 

(Table 4.3, Fig. 4.3). Successful identification of ESUs through DNA barcoding ranged from 63.16% 

to 100%. Removing the singletons from the analyses results in a significant improvement in 

identification success (Table 4.3; Fig. 4.4); success rates typically increase by 5.64% (±1.61) of the 

failure rate. 
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Table 4.1 LMEMs used to explain variation in barcode gap size with regard to model of 

evolution and gene tree choice. Two measures of barcode gap (or overlap) were analysed separately. 

Response Model Estimate S.E. t P 

Inter. min - 

Intra. max 

K2P | BEAST (intercept) -5.67 2.84 -2 0.047 

F81 -0.06 0.61 -0.098 0.92 

F84 -0.084 0.61 -0.14 0.89 

GG95 -2.96 0.61 -4.83 0 

JC69 -0.0068 0.61 -0.011 0.99 

K81 -0.015 0.61 -0.024 0.98 

raw 0.52 0.61 0.85 0.4 

T92 -0.047 0.61 -0.077 0.94 

TN93 -0.19 0.61 -0.31 0.76 

RAxML 0.86 0.29 2.97 0.0034 

Inter. mean / 

Intra. mean 

K2P | BEAST (intercept) 5.56 0.69 8.05 0 

F81 0.0016 0.28 0.0058 0.995 

F84 0.037 0.28 0.13 0.89 

GG95 1.29 0.28 4.63 0 

JC69 -0.026 0.28 -0.094 0.93 

K81 0.0076 0.28 0.028 0.98 

raw -0.37 0.28 -1.33 0.19 

T92 0.023 0.28 0.082 0.93 

TN93 0.048 0.28 0.17 0.86 

RAxML 0.056 0.13 0.43 0.67 
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Figure 4.2 Predictors of ABGD success: (a) #ESUs, (b) diversity sampled (%),(c) # sequences, 

and (d) # singletons. 

Bdelloid (red) and monogonont (blue) rotifers are split by colour, while BEAST (open circles) and 

RAxML (crosses) phylogenetic reconstruction methods are split by symbol. GLM model fits are 

shown for each pairwise comparison, again the BEAST (solid line) and RAxML (dotted line) fits are 

shown individually. Note that a single GLM fit is shown in (c) as the data for each GLM is the same. 

All of these GLM fits (except the # sequences comparison) are significant. 

 

The difference in identification success rates between bdelloid and monogonont datasets is significant 

across the BEAST gene trees but only qualitative for the RAxML trees (Table 4.3; Fig. 4.5). The 

removal of singletons resulted in a 9.99% (±1.7) improvement in bdelloid DNA barcode identification 

success, but only a 2.54% (±0.69) improvement in monogononts. DNA barcode identification success 

did not differ between morphospecies or ESUs delimited from either RAxML or BEAST trees (Table 

S4.3; Fig. 4.4), while differences associated with metric choice were non-significant (Table S4.4) but 

consistent with regard to stringency (NN<BCM<TI) and therefore success (NN>BCM>TI). However, 

high accuracy of DNA barcoding using morphospecies groupings is inflated by the poor taxonomy of 
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dustbin taxa, as most tips are para- or polyphyletic (singletons = monophyletic: 19.8±10.5%; Table 

S4.1). For example, Brachionus morphospecies can be identified with more than 99% accuracy, but 

less than 5% of the sequences form monophyletic clades with conspecific sequences. In contrast, 

Brachionus ESUs are >98% monophyletic while still having high barcoding success rates (>99%). 

Table 4.2 GLM used to explain the number of OTUs delimited using the ABGD method. 

 
Estimate S.E. t P 

(Intercept) 3.62 0.69 5.25 4.58e
-5

 

Diversity sampled (%) -0.038 0.011 -3.35 0.0034 

# Singletons -0.27 0.056 -4.82 0.00012 

# Sequences -0.00082 0.00043 -1.93 0.069 

# ESUs 0.11 0.02 5.52 2.55e
-5
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Figure 4.3 Barcode identification accuracy using nearest neighbour (a-c), threshold ID (d-f) and 

best close match (g-i) and its association with group (monogonont [grey] and bdelloid [black]), level 

of sampling (a, d, g), number of sequences (b, e, h) and prevalence of singleton taxa (c, f, i). 

GLM fits are shown for both BEAST (solid line) and RAxML datasets (dotted line).
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Table 4.3 GLMs used to explain the DNA barcoding identification success rates, with metrics 

and gene trees analysed separately. 
DNA barcoding 

metric 

Phylogenetic 

reconstruction 
  Estimate S.E. Z P 

Nearest neighbour 

success (%) 

BEAST (Intercept) 6.3 1.57 4.01 6.19e
-5

 

 Diversity (%) -0.12 0.035 -3.35 8.08e
-4

 

 # singletons 0.2 0.15 1.38 0.16736 

 # sequences -0.1 0.044 -2.28 0.022 

 # haplotypes -0.24 0.11 -2.25 0.025 

 # ESUs 0.31 0.13 2.45 0.014 

 Monogononta 1.57 0.68 2.3 0.022 

 Diversity (%) x # sequences 0.0027 0.0012 2.3 0.021 

  # singletons x # haplotypes -0.0028 0.0012 -2.31 0.021 

RAxML (Intercept) 9.18 2.22 4.14 3.41e
-5

 

 Diversity (%) -0.12 0.041 -2.87 0.0042 

 # singletons 0.93 0.27 3.42 6.23e
-4

 

 # sequences -0.027 0.0094 -2.91 0.0036 

 # haplotypes -0.16 0.035 -4.59 4.39e
-6

 

 Diversity (%) x # singletons -0.019 0.0053 -3.53 0.00042 

 Diversity (%) x # sequences 0.00076 0.00024 3.13 0.0018 

  Diversity (%) x # haplotypes 0.0026 0.00072 3.66 0.00026 

Threshold ID 

success (%) 

BEAST (Intercept) 8.97 0.31 28.9 0.0012 

 Diversity (%) -0.29 0.0093 -30.55 0.0011 

 # singletons 0.92 0.029 32.07 9.71e
-4

 

 # sequences -0.33 0.011 -29.55 0.0011 

 # haplotypes -0.71 0.023 -30.55 0.0011 

 # ESUs 0.88 0.029 30.86 0.001 

 Monogononta 4.81 0.12 40.18 6.49e
-4

 

 Diversity (%) x # sequences 0.0085 0.00028 30.3 0.0011 

 # singletons x # sequences 0.00037 0.000021 17.46 0.0033 

  # singletons x # haplotypes -0.0094 0.00029 -31.87 9.83e
-4

 

RAxML (Intercept) 6.93 2.08 3.33 8.6e
-4

 

 Diversity (%) -0.093 0.037 -2.52 0.012 

 # singletons 1.5 0.24 6.32 2.58e
-10

 

 # sequences 0.0077 0.0025 3.12 0.0018 

 # haplotypes -0.21 0.033 -6.41 1.41e
-10

 

 Diversity (%) x # singletons -0.03 0.0046 -6.38 1.77e
-10

 

 # singletons x # sequences -0.00053 0.000098 -5.4 6.54e
-8

 

 Diversity (%) x # haplotypes 0.0044 0.00068 6.44 1.16e
-10

 

Best close match 

success (%) 

BEAST (Intercept) 5.15 1.41 3.65 2.66e
-4

 

 Diversity (%) -0.13 0.034 -3.79 1.51e
-4

 

 # singletons 0.38 0.14 2.74 0.0061 

 # sequences -0.14 0.043 -3.28 0.001 

 # haplotypes -0.33 0.1 -3.21 0.0013 

 # ESUs 0.42 0.12 3.41 6.59e
-4

 

 Monogononta 2.37 0.67 3.53 4.2e
-4

 

 Diversity (%) x # sequences 0.0038 0.0012 3.3 9.7e
-4

 

  # singletons x # haplotypes -0.0042 0.0012 -3.55 3.81e
-4

 

RAxML (Intercept) 7.67 2.46 3.12 0.0018 

 Diversity (%) -0.09 0.041 -2.17 0.03 

 # singletons 1.43 0.31 4.63 3.62e
-6

 

 # sequences 0.0077 0.0024 3.14 0.0017 

 # haplotypes -0.21 0.047 -4.51 6.51e
-6

 

 Monogononta -0.8 0.52 -1.54 0.12 

 Diversity (%) x # singletons -0.029 0.0063 -4.58 4.71e
-6

 

 # singletons x # sequences -0.00048 0.0001 -4.63 3.7e
-6

 

  Diversity (%) x # haplotypes 0.0044 0.001 4.39 1.12e
-5
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Figure 4.4 Barcode identification accuracy using nearest neighbour (a, b), threshold ID (c, d) 

and best close match (e, d) criteria of morphospecies (red), BEAST (blue hatched) and RAxML ESUs 

(blue solid). 

The effect of excluding singletons is also shown (b, d, f). ESUs were delimited using a single-

threshold GMYC method. Open circles represent data points outside the 75% quartile range. 
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Figure 4.5 Barcode accuracy using nearest neighbour (a), threshold ID (b) and best close match 

(c) criteria of Bdelloidea (red) and Monogononta (blue) ESUs delimited using the GMYC method on 

BEAST (solid) and RAxML (hatched) trees. 

The effect of excluding singletons is also shown.
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Discussion 

The initial promise of DNA barcoding was separated into the accelerated identification and 

description of taxa (Hebert et al. 2003a; Vogler and Monaghan 2007) in lieu of a dwindling 

community of traditional taxonomists and encroaching extinction rates (Wiens 2007). DNA barcoding 

is particularly attractive for groups such as Rotifera where the extreme level of undescribed, cryptic 

diversity directly contrasts the paucity of taxonomists examining them (e.g. Suatoni et al. 2006; 

Fontaneto et al. 2009). We have shown that in this sample of Rotifera, successful identification via 

DNA barcoding is possible with taxa delimited using the GMYC model (a proxy for resolved 

taxonomy), but that flawless identification is unlikely given the lack of an explicit barcode gap. Here, 

any failure in identification is associated with the presence of singletons, level of sampling 

(taxonomic or physical), amount of standing diversity, clade, and overlap between intra- and 

interspecific variation. 

We report the absence of an unequivocal barcode gap, and concur with others (e.g. Meyer and Paulay 

2005; Meier et al. 2006; Wiemers and Fiedler 2007) that its existence is contentious and unlikely. An 

overlap between intra- and interspecific variation is observed in most of the ESU datasets (58%) 

irrespective of which evolutionary model is used to generate the distance matrices. This overlap can 

exist for numerous reasons: (1) poor taxonomy that inflates the species boundaries and thus the 

intraspecific variation (Meyer and Paulay 2005; Astrin et al. 2012), (2) unsorted ancestral 

polymorphisms that give rise to non-monophyletic species with overestimated intraspecific variation 

and reduced interspecific variation (Meier et al. 2006), (3) increased sampling (geographic or 

taxonomic scale) that better encompass the extent of total intraspecific variation (Bergsten et al. 

2012), and (4) heterogeneity in the rate of evolution that results in discrepancies in the amount of 

intra- and interspecific variation across the sample. In our datasets, the overlap among the GMYC 

delimited ESUs is likely a result of sampling and heterogeneity in the rate of evolution across the 

taxa. 

It is widely known that incomplete sampling can affect the likelihood of finding a barcode gap 

(Papadopoulou et al. 2008; Bergsten et al. 2012), the range of sampling regimes apparent from the 

Rotifera data opportunistically sampled from GenBank allow us to empirically identify aspects of 

sampling that contribute to DNA barcode failure. Specifically, the prevalence of singletons is the 

biggest determinant of DNA barcode failure, this is because by definition there is no reference point 

in the database with which to identify them (Lim et al. 2012). Singletons and rare specimens are 

common in biodiversity surveys (Lim et al. 2012), and additional sampling scarcely helps in 

eliminating their rarity. This aspect is impossible to change without a concerted effort to increase the 

coverage of available, annotated, and taxonomically certified sequences. 
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Without a priori groupings, the ABGD method was unable to detect a barcode gap in a third of the 

datasets. Our analyses suggest that the success of the ABGD method is associated with the level of 

taxonomic sampling and the incidence of singleton taxa. Increasing the taxonomic coverage of 

sampling reduces the number of ABGD OTUs and we expect this is due to the increased intraspecific 

variation associated with additional sampling and the increased likelihood of encompassing more rate 

heterogeneity. Furthermore, there is a positive correlation between the number of ABGD OTUs and 

number of singletons present. Regardless of whether these singleton taxa are real rare taxa or artefacts 

associated with sequencing (Lim et al. 2012), their presence in the datasets acts to increase 

interspecific variation while lowering the mean intraspecific variation, thus increasing the chances of 

observing a barcode gap. 

DNA barcode identification success is correlated with the proportion of expected diversity sampled 

(sampling extent), number of available sequences, and number of singletons (both proxies of sampling 

intensity). The effects of available sequence number and singletons are two counterbalanced proxies 

of sampling intensity. Sequences in a DNA barcode library are essentially reference points with which 

identification can happen, therefore more sequences equates to more reference points and therefore 

improved success rates. Singletons on the other hand will limit success. As DNA barcode 

identification success is inherently tied to distinctiveness of clusters (with regard to genetic space), 

and distinctiveness of clusters is inherently aligned with intra- and interspecific variation. It follows 

that sampling a higher proportion of expected diversity (i.e. sampling extent) will likely increase the 

interspecific variation and thus, if intraspecific variation is constant, the distinctiveness of clusters will 

increase. Therefore, increased taxonomic or geographic sampling will increase DNA barcode 

identification success because they act to increase species distinctiveness (Bergsten et al. 2012). On 

the other hand, if sampling acts to fill in gaps in the interspecific sample, rather than extending it, 

barcode gaps will become more nebulous and thus identification using DNA barcodes will suffer 

(Meyer and Paulay 2005). 

Difference between bdelloids and monogononts 

Specific to Rotifera, our analyses indicate that asexual bdelloid rotifers are less readily identifiable by 

DNA barcoding. This is likely due to the asexual bdelloid ESUs being less genetically discrete 

(Chapter 5; Tang et al. 2014b) whereby no reproductive isolation and genetic cohesiveness associated 

with sex acts to reduce genetic gaps between species. Bdelloid datasets have typically more 

singletons, but also a smaller proportion of their expected diversity sampled. We hypothesise that 

prevalence of singleton taxa and lower taxonomic coverage is related to a higher propensity for 

asexuals to form isolated clonal populations (exacerbated here by the higher dispersal capabilities of 

bdelloids) and not a difference in sampling effort between bdelloids and monogononts; this is 

evidenced by the facts that further sampling of bdelloids continues the discovery of additional 
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divergent haplotypes (e.g. Swanstrom et al. 2011) and while reducing the strength of genetic 

clustering (Tang et al. 2014b). Therefore for asexual study systems, the minimum sampling regime 

required for a successful DNA barcode survey likely needs to be more comprehensive than for sexual 

organisms. 

Conclusion 

The incorrect identification of species is not uncommon and undermines any ecological or 

evolutionary investigation. The unknown biosphere is large and only with the advancement of 

taxonomic databases through integrated taxonomy will we be able to consistently and confidently 

identify organisms. Promisingly, the identification via DNA barcoding of evolutionary genetic species 

(Birky and Barraclough 2009), otherwise known as molecular operational taxonomic units (MOTUs: 

Blaxter et al. 2005) or ESUs, yields high success rates. Defining taxa in this way facilitates access to 

taxonomically difficult groups (Blaxter et al. 2005) and provides a foundation that if used in 

conjunction with traditional taxonomy, within an iterative and integrative framework, will produce 

identifiable taxonomic units (Puillandre et al. 2012b). This integrative taxonomy, with molecular and 

traditional taxonomy reciprocally underpinning each other (e.g. Birky et al. 2011; Puillandre et al. 

2012b), is the best way in which we can consistently describe diversity in groups where each tool on 

its own is unreliable. Even still, the nonexistence of an unequivocal barcode gap will limit the success 

of such studies and will warrant additional sources of taxonomic information for infallibility.
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species in rotifers  

Published as: 

Tang, C. Q., Obertegger, U., Fontaneto, D., & Barraclough, T. G. (2014). Sexual species are 

separated by larger genetic gaps than asexual species in rotifers. Evolution, 68(10), 2901–2916. 

Abstract 

Why organisms diversify into discrete species instead of showing a continuum of genotypic and 

phenotypic forms is an important yet rarely studied question in speciation biology. Does species 

discreteness come from adaptation to fill discrete niches or from interspecific gaps generated by 

reproductive isolation? We investigate the importance of reproductive isolation by comparing genetic 

discreteness, in terms of intra- and interspecific variation, between facultatively sexual monogonont 

rotifers and obligately asexual bdelloid rotifers. We calculated the age (phylogenetic distance) and 

average pairwise genetic distance (raw distance) within and among evolutionary significant units of 

diversity in 6 bdelloid clades and 7 monogonont clades sampled for 4,211 individuals in total. We 

find that monogonont species are more discrete than bdelloid species with respect to divergence 

between species but exhibit similar levels of intraspecific variation (species cohesiveness). This 

pattern arises because bdelloids have diversified into discrete genetic clusters at a faster net rate than 

monogononts. Although sampling biases or differences in ecology that are independent of sexuality 

might also affect these patterns, the results are consistent with the hypothesis that bdelloids diversified 

at a faster rate into less discrete species because their diversification does not depend on the evolution 

of reproductive isolation.
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Introduction 

Genetic, morphological, and behavioural evidence have accumulated to show that species are real 

entities maintained by ecological differences and reproductive isolation (Schluter 2001; Coyne and 

Orr 2004; Puritz et al. 2012). Species are a fundamental unit of biology, and the existence of 

discontinuous groups of organisms, as opposed to a continuum of genotypes and phenotypes, is 

regarded as a ubiquitous phenomenon of life (Rieseberg et al. 2006). Why this discreteness exists at 

all is a neglected question and “perhaps the most important question about speciation” (Coyne and Orr 

2004, p. 49). 

Maynard Smith and Száthmary (1995) proposed two non-mutually exclusive hypotheses regarding the 

existence of discrete species: (1) Species exist because they fill distinct ecological niches. Differences 

in resource use impose divergent selection pressures on organisms and therefore distinct genotypic 

and phenotypic solutions evolve (reviewed in Schluter 2001). Organisms adapting to one niche are 

less suited to a second, and intermediate genotypes are poorly adapted to either niche. (2) Species 

exist as a consequence of sexual reproduction. Given enough time, reproductive isolation is an 

inevitable by-product of genetic divergence through selection or drift (Fisher 1930; Dobzhansky 

1937; Rice and Hostert 1993). Reproductive isolation breaks up the continuum of genotypic and 

phenotypic diversity, and prevents the formation of hybrid forms (i.e. hybrid inferiority - Burke and 

Arnold 2001), whereas sexual reproduction maintains genetic coherence within species. 

In sexual organisms, the predictions of these two hypotheses are closely entwined (Schluter 2001) 

because divergent adaptation to disparate niches (1) may result in the formation of isolating barriers 

(2). In asexual organisms, adaptation to different niches and genetic drift in geographic isolation can 

occur (1), but reproductive isolation plays no role above the level of individuals because reproductive 

barriers are already in place. Comparing diversification patterns between the two reproductive modes 

will enable us to test the two hypotheses regarding why diversity is discontinuous (Maynard Smith 

and Száthmary 1995; Barraclough and Nee 2001; Barraclough and Herniou 2003; Coyne and Orr 

2004). 

The two existing comparisons of species discreteness between asexual and sexual clades (i.e. Holman 

1987; Fontaneto et al. 2007a) focused on morphological traits. These studies could not satisfactorily 

determine why discrete entities exist in nature: they lacked a broad sampling regime (Coyne and Orr 

2004), they adopted incomparable species concepts historically used for sexual and asexual taxa (de 

Queiroz 2005), they were qualitative, and they were confounded by different amounts of taxonomic 

effort between the groups (Fontaneto et al. 2007a). We suggest that a quantitative comparison of 

patterns of discreteness in genotypes among comparable units of asexual and sexual diversity would 

make for a more powerful assessment of species discreteness (Barraclough et al. 2003). 
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Irrespective of their reproductive mode, organisms are expected to diverge into genetic clusters when 

faced with forces such as geographical isolation or divergent selection, that promote independent 

evolution between sub-populations (Barraclough et al. 2003). Across a clade, this should result in 

clusters of closely related individuals separated by longer stem branches (Fig. 5.1). In asexuals, 

independent evolution occurs because new mutant genotypes in one sub-population cannot spread and 

outcompete those in other sub-populations (Templeton 1989; Cohan 2001). By corollary, discrete 

genetic clusters within a higher clade can be used as a comparable measure of independently evolving 

groups that represent separate arenas for mutation, selection, and drift (Fisher 1930). These genetic 

clusters are broadly equivalent to species as defined by the evolutionary (Simpson 1951) or general 

lineage species concepts (De Queiroz 2007), and constitute entities for which the degree of clustering 

can be compared between sexual and asexual clades. While these genetic clusters have been invoked 

as species in a range of organisms (including asexuals, e.g. Birky et al. 2005; Heethoff et al. 2009; 

Schön et al. 2012), there has been no statistical comparison of patterns of clustering between related 

sexual and asexual clades.  

Figure 5.1 Schematic representation of genospace and how genetic variation corresponds to gene 

trees. 

Intraspecific variation can be measured by genetic distance, as delineated by the dark grey dotted 

ellipses, or time to the most recent common ancestor (TMRCA), as indicated by the stars. Similarly, 

interspecific variation can be measured using raw genetic distances or phylogenetic distances (long 

branches). The size of the dotted circle and branch length is relative to the size of the intra- and 

interspecific variation, respectively. Here phylogenetic distance corresponds to time (MYR) as the 

trees are chronograms. 

 

Here, we use a densely sampled dataset to survey clustering of a mitochondrial barcoding marker, 

cytochrome c oxidase subunit I (COI), in representative sexual and asexual clades of Rotifera. We 
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delimit genetic clusters, which we refer to as ‘species’ as defined above, using the Generalized Mixed 

Yule Coalescent model (GMYC - Pons et al. 2006; Fujisawa and Barraclough 2013 - see Barraclough 

et al. 2003 and Fontaneto et al. 2007b for a discussion of whether clusters should be regarded as 

populations, species, or some other unit of diversity). The method delimits statistically significant 

genetic clusters indicative of independently evolving lineages (Birky and Barraclough 2009) and 

provides comparable units that circumvent taxonomic issues that confound Rotifera taxonomy (e.g. 

Suatoni et al. 2006; Fontaneto et al. 2009). Putative rotifer species delimited using this method have 

been shown to be both morphologically and ecologically divergent (e.g. Birky et al. 2005; Fontaneto 

et al. 2007b). 

The discreteness of species depends both on intra- and interspecific variation. These in turn are 

affected by population genetic mechanisms and patterns of net diversification (speciation [λ] minus 

extinction [µ]), respectively, as well as by sampling. We separate out the following questions: 

(1) Are species in asexual clades more or less cohesive than those in sexual clades? Intraspecific 

variation, measured as average pairwise genetic distances (π) or the time to most recent common 

ancestor (TMRCA), reflects the cohesiveness of species. Cohesiveness will depend on the effective 

population size (Ɲe) as well as the demographic and selective history of the marker gene (Rosenberg 

and Nordborg 2002; Charlesworth et al. 2003). Several processes could cause systematic differences 

in intraspecific variation, potentially in different directions, between sexuals and asexuals. Even if 

census population sizes (Ɲ) were similar in sexuals and asexuals, and all other confounding factors 

were equal, asexual species should have double the effective population size for a mitochondrial 

marker (mtDNA). This is because all parents in the asexual species pass on mtDNA rather than just 

half the parents (Lynch and Hill 1986); therefore for asexuals, species clusters will be less genetically 

cohesive. However, selection might oppose this prediction. In asexual populations the entire genome 

is inherited as a single unit unaffected by recombination. Any selective sweep should reduce variation 

across the entire genome, while in sexuals selective sweeps only reduce variation in loci linked to 

beneficial mutations (Barraclough et al. 2007; Rice and Friberg 2009; Swanstrom et al. 2011). If 

asexual populations are afflicted by recurring selective sweeps, one would expect lower average 

genetic variation at marker genes than in sexual populations, even at neutral loci and sites. The 

balance of these different processes would determine any systematic differences in mtDNA variation 

between sexuals and asexuals. Finally, as well as these direct effects of reproductive mode, there 

might be other systematic differences in demography or ecology that could lead to differences in 

average levels of intraspecific genetic variation (Barraclough et al. 2007). 

(2) Are species in asexual clades more or less divergent from their closest related species than in 

sexual clades? Average levels of interspecific divergence depend on the net rate of diversification. 

Somewhat paradoxically, faster net rates of diversification will tend to reduce the discreteness of 
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species because species will be on average less divergent from their nearest related species. A clade 

with greater species richness will tend to have shorter distances between species than a clade with 

fewer species of the same crown age. Reproductive mode could affect diversification in either 

direction: if speciation is limited by the rate at which reproductive isolation evolves (Felsenstein 

1981; Rice and Hostert 1993), then one might expect asexuals to diversify more than sexuals because 

their diversification does not depend on the evolution of reproductive isolation (Barraclough and 

Herniou 2003). In contrast, if the rate of adaptation to new ecological niches limits speciation, then 

one might expect sexuals to diversify more because the greater efficiency of natural selection 

attributed to recombination (Weismann 1889; Burt 2000; Becks and Agrawal 2012) should allow 

them to adapt faster to new niches. Preliminary findings from Fontaneto et al. (2012) indicate that 

asexual bdelloid rotifers have a faster net diversification rate than their sexual sister clade. Here we 

extend their analyses: we include four additional genera, more sequences, provide better age 

estimates, and compare net diversification rates statistically with likelihood ratio tests. 

(3) Do confounding factors affect the comparison of sexuals and asexuals? The pattern of discreteness 

in gene trees might be affected by other factors affecting the level of both intra- and interspecific 

sampling. For example, if sexual and asexual clades differ in their geographical distributions (i.e. 

more local endemics in sexuals compared to asexuals), then differences in genetic patterns might 

reflect sampling bias associated with dispersal ability, dormancy, or generation time independent from 

their reproductive mode. 

Rotifera is an ideal phylum to address these questions because it encompasses clades (classes) with a 

variety of reproductive modes that have survived long enough for speciation (Coyne and Orr 1998; 

Burt 2000; Butlin 2002). Bdelloid rotifers are obligate asexuals (Mark Welch and Meselson 2000; 

Birky 2010; Flot et al. 2013), which fossil evidence suggests have persisted without sex for at least 35 

million years (Poinar and Ricci 1992). Monogonont rotifers, their potential sister clade (Fontaneto and 

Jondelius 2011), are cyclical parthenogens with a frequency of recombination high enough to treat 

them as effectively sexual for macroevolutionary purposes (c.f. Tsai et al. 2008). 

One complication for the study of diversification patterns is that the two classes vary in their ecology 

as well as in their sexuality. Differences in dispersal ability, for example, might affect their observed 

genetic patterns. Bdelloids are aquatic limnoterrestrial micro-invertebrates (i.e. inhabit terrestrial 

environments with an aqueous matrix), and most species can survive desiccation by contracting into a 

tun; this characteristic attributes them a high capacity for dispersal and subsequent colonisation and 

establishment in novel ephemeral environments (Jenkins and Underwood 1998; Wilson and Sherman 

2013). Monogononts occupy a variety of aquatic habitats encompassing a range of salinity but, 

compared to bdelloids, are less likely to inhabit ephemeral environments as they are less tolerant of 

desiccation (Ricci 2001). Nonetheless, in bdelloids there is a range in desiccation tolerance (Ricci 
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1998) with several species restricted to the same habitats as monogononts: by including habitat type 

as a covariate in our comparisons we can attempt to disentangle the effect of ecology from 

reproductive mode (although we cannot rule out other ecological characteristics that might differ 

between the clades and influence diversification patterns). 

We tested for differences in species discreteness between asexual bdelloid and sexual monogonont 

rotifers, in terms of intra- and interspecific variation (Fig. 5.1), using GMYC species delimited from 

COI sequence data. We also performed macroevolutionary analyses to compare the net rate of 

diversification and changes in rate over time (Nee et al. 1994; McPeek 2008). Conclusions from this 

system will add empirical genetic evidence to existing theoretical (Maynard Smith and Száthmary 

1995; Coyne and Orr 2004) and morphological studies (Holman 1987; Fontaneto et al. 2007a) 

concerning why species are discrete.
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Materials and Methods 

Obtaining comparable units of diversity 

Comparable units of diversity were delimited using the GMYC model with ultrametric phylogenies as 

input. Because downstream processes required estimates of divergence times, phylogenies were time-

calibrated and anchored by substitution rate among the 13 datasets (described in more detail below). 

In the absence of fossil data and accepted calibration points or substitution rates for Rotifera, a 

backbone phylogeny was generated to obtain internal calibration nodes. The backbone phylogeny was 

generated using a concatenated alignment of 18S rDNA and COI mtDNA sequences from a subset of 

taxa representative of the sampled genera. Using this backbone phylogeny, a combined time-

calibrated phylogeny of the specimens was reconstructed using COI and subsequently separated into 

individual gene trees for each of the 13 species complexes and genera. Detailed methods are as 

follows: 

Data collection 

COI sequence data were mined from GenBank and supplemented with targeted sequencing. A total of 

4,211 COI sequences (3,659 GenBank; 552 sequenced [Table S5.1]) were collated from 13 

monophyletic groups (herein referred to as datasets, each of which had a minimum 38 sequences) 

corresponding to genera or complexes of cryptic species (six bdelloid and seven monogonont species 

complexes or genera; Table S5.2). The sequences were split into these datasets because we are 

interested in processes acting at lower taxonomic levels and we lack comprehensive sampling at 

higher levels or in other genera/species complexes. Additional populations of the genera Ascomorpha, 

Keratella, and Polyarthra were sequenced following protocols similar to Obertegger et al. (2012). For 

the backbone phylogeny, 19 18S sequences were downloaded from GenBank and paired with, where 

possible, COI sequences from the same individual, but otherwise the same species or genera (Table 

S5.2). Most of these 18S sequences were produced for a previous study (Tang et al. 2012), the details 

of which are reported in the Supplementary Materials. Though these data came from multiple studies, 

the sampling regime used is standard among rotiferologists (DF was involved in the collection of 

74.5% of the samples; Table S5.3). Further details of the methods used for specimen collection, 

sequencing, and concatenation can be found in the Supplementary Materials. 

Differences in dispersal ability associated with habitat preferences might affect the genetic structure 

of the dataset and, subsequently, measures of discreteness and population genetics. This was factored 

into the analyses by annotating the sequences by habitat type - limnoterrestrial (limited to bdelloids) 

or aquatic habitats (typical of monogononts but also of several bdelloid clades; Table S5.3). 
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Figure 5.2 BEAST chronogram for a subset of Bdelloidea and Monogononta inferred using a 

concatenated alignment of both COI mtDNA and 18S rDNA. 

The substitution model GTR+Γ+I was found to be the best fit for both COI and 18S. A lognormal 

relaxed clock with separate substitution rates for COI (1.76% MYR
-1

) and 18S (0.02% MYR
-1

) were 

used. The posterior probability values are shown as clade support at the nodes. Images of Brachionus 

manjavacas (of the Brachionus plicatilis species complex) and Adineta tuberculosa were taken by 

Diego Fontaneto and Giulio Melone. 

Phylogenetic analyses 

Phylogenetic methods are visualised in Figure S5.1. For the backbone phylogeny, all of the 19 COI 

and 18S sequences were aligned using MAFFT v7.017 (Katoh et al. 2009) within Geneious Pro v5.4.2 

(Drummond et al. 2006) and checked by eye. A concatenated alignment of 18S and COI was used to 

reconstruct a time-calibrated phylogeny with BEAST v1.7.5 (Drummond and Rambaut 2007). The 

parameters comprised a GTR+Γ+I substitution model (defined using Akaike information criteria in 

jModelTest 2 - Darriba et al. 2012), a relaxed lognormal clock, a birth-death prior (Gernhard 2008), a 

random starting tree, 100,000,000 generations, and sampling every 1,000 generations. Separate 

calibration clocks for COI (1.76% MYR
-1

; tested for the GTR+Γ+I model in aquatic invertebrates - 

Wilke et al. 2009) and 18S (0.02% MYR
-1

; as suggested by Ochman and Wilson 1987 and Bargues et 

al. 2000) were used. These calibrations were used in the absence of published Rotifera specific rates; 

however, we acknowledge that this external rate may lead to the underestimation of intraspecific rates 

(Ho et al. 2008). The Markov chain Monte Carlo (MCMC) sample was checked for convergence in 

Tracer v1.5 (Rambaut and Drummond 2009), and the trees were combined into a maximum 



Chapter 5: Discreteness of sexual and asexual rotifers 

87 

 

credibility tree while keeping the target node heights with a 10% burnin in TreeAnnotator v1.7.5 (Fig. 

5.2). 

To reduce the impact of clade-specific rate heterogeneity, the large COI alignment was analysed in 

two combined analyses (instead of 13 individual ones) using the node ages (including the 95% highest 

posterior densities [HPD] confidence intervals) and sequences from the backbone tree. As dichotomy 

is a prerequisite for the downstream processes, alignments were collapsed into unique haplotypes 

using DnaSP v5 (Librado and Rozas 2009). The COI haplotype alignment was split into two by 

separating out sister clades (see Supplementary Materials). Ultrametric trees were generated from 

these two alignments using the protocol outlined above for the backbone phylogeny except that the 

node ages of each divergence were specified with soft boundaries corresponding to the 95% HPD 

confidence intervals. Three independent runs were performed and combined using LogCombiner 

v1.7.5 and subsequently summed using TreeAnnotator. These two large combined gene trees were 

then separated into the 13 individual species complexes and genera gene trees. For each tree, the 

effect of rate heterogeneity on branch lengths (Supplementary File S5.1) and the effect of a combined 

analysis on diversity estimation were validated (Supplementary File S5.2). All phylogenetic analyses 

were performed on the CIPRES Science Gateway (Miller et al. 2010). 

Generalised Mixed Yule Coalescent model (GMYC) 

The GMYC was used to delimit genetic clusters indicative of independently evolving groups akin to 

species (Pons et al. 2006; Fujisawa and Barraclough 2013). The GMYC tests for significant shifts in 

branching rate in an ultrametric tree, which represents a switch from interspecific evolutionary 

processes to intraspecific population level processes. This is expected if the dataset comprises 

multiple individuals from a set of independently evolving entities (Birky and Barraclough 2009). A 

model encompassing two different branching rates is fitted and assessed against the data, and a Χ
2
 test 

is performed to gauge the significance of the GMYC model fit against the null hypothesis (i.e. a single 

coalescent with one branching rate). If the Χ
2
 test is significant, the threshold is used to delimit species 

on the gene tree. This method has been used to identify independently evolving bdelloid (e.g. 

Fontaneto et al. 2007b, 2012; Birky and Barraclough 2009) and monogonont rotifers (e.g. Obertegger 

et al. 2012; Leasi et al. 2013; Malekzadeh-Viayeh et al. 2014), and produces clusters that are 

congruent with other species delimitation methods (Tang et al. 2012). The analysis was performed 

with the splits 1.0–11 package (Ezard et al. 2009 - available from https://r-forge.r-project.org/ 

projects/splits) in R 2.15.2 (R Core Team 2012). The effect of sample size on GMYC support values 

and how that differs between bdelloid and monogonont datasets was assessed (Supplementary File 

S5.3). 
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Patterns of genetic discreteness 

Discreteness measures 

The discreteness of the genetic clusters was assessed in terms of intra- and interspecific phylogenetic 

distances (branch lengths equivalent to age on a time calibrated tree) and raw genetic distances (Fig. 

5.1). Two alternative metrics of intraspecific variation were calculated: the Time to the Most Recent 

Common Ancestor (TMRCA) and the average raw nucleotide diversity within a cluster (π; Nei and Li 

1979). These two measures are concerned with different aspects of the data and are affected 

differently by variable sample sizes: TMRCA is more directly relevant for species clustering but is 

strongly affected by small sample sizes leading to underestimation, while π accounts for sample size. 

TMRCA was measured using the basal node age of each GMYC species on the ultrametric tree using 

the ape 3.0.5 package (Paradis et al. 2004) in R. Interspecific genetic divergence was calculated as the 

minimum phylogenetic distance (divergence time) and the minimum raw genetic distance to a 

heterospecific. Minimum phylogenetic distance between GMYC species was obtained from edge 

lengths on the trees, and this total branch length was halved to obtain divergence time. Raw intra- and 

interspecific pairwise distances were calculated in MEGA v5 (Tamura et al. 2011). 

Population genetic signatures 

Neutrality tests were conducted for each GMYC species in DnaSP, and their signatures compared 

between bdelloids and monogononts to test whether differences in the frequency of demographic and 

selection processes affect intraspecific variation. It is important to note that we cannot firmly 

distinguish selection and demographic processes from single locus data alone, but we can test whether 

there is a systematic difference in the pattern of genetic variation consistent with our predictions based 

on selection and demography. Five related population genetic neutrality signatures were estimated: 

D* (Fu and Li 1993), F* (Fu and Li 1993), FS (Fu 1997), Tajima’s D (Tajima 1989), and R2 (Ramos-

Onsins and Rozas 2002). These tests are closely related but differ in their ability to detect shifts from 

neutrality, namely bottlenecks, selective sweeps, hitchhiking, and opposing signatures of selection 

(Ramos-Onsins and Rozas 2002). For each of the test statistics, a value close to zero indicates 

neutrality, a positive value indicates either balancing selection at the locus or a recent population 

decrease, while a negative value indicates population expansion, genetic hitchhiking, or purifying 

selection at the locus. 

Patterns of net diversification 

Investigating the net diversification rate (i.e. speciation rate [λ] minus extinction rate [μ]) and the 

constancy of net diversification over time (i.e. departure from a constant diversification rate model) 

requires ultrametric trees with branch lengths and tips corresponding to time and species, respectively. 

Therefore, for each dataset the ultrametric tree was pruned so that each tip represented a GMYC 

species. The retained tip was the one with the longest sequence length. 
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Net diversification rate 

Net diversification rate was independently estimated for bdelloids and monogononts using a modified 

version of the ape birthdeath function; with the modified version, the λ and μ of pooled data (e.g. 

bdelloids, monogononts, or Rotifera) can be assessed simultaneously (Supplementary Materials). A 

log likelihood statistic was used to validate the separate parameterisation of λ and μ for bdelloids and 

monogononts (4 parameters) over a “global” model with a single λ and μ estimated across all of the 

data (2 parameters). 

Constancy of net diversification 

The constancy of net diversification of each dataset was tested using the γ statistic of Pybus and 

Harvey (2000) within the laser 2.3 package (Rabosky 2006) in R. The analysis followed Fontaneto et 

al. (2012) but includes additional rotifer taxa. The γ statistic tests the constancy of per-lineage net 

diversification rates over time by comparing relative positions of internal nodes within a phylogeny to 

expected positions generated by a constant-rate model. Positive γ values signify either recent 

increases in net diversification rate or high background extinction rates (Barraclough and Nee 2001). 

Negative γ values indicate either early net diversification followed by deceleration (expected with 

density-dependent net diversification such as ecological niche filling - McPeek 2008) or incomplete 

species sampling (Barraclough and Nee 2001; Rabosky and Lovette 2008). We account for the effect 

of incomplete sampling in two ways: (1) an a priori correction was performed using a missing species 

simulator (CorSiM - Cusimano et al. 2012) based on a constant rate birth-death model (within 

TreePar 2.5 - Stadler 2011) and (2) a post hoc correction performed using a Monte Carlo constant 

rates test (MCCR within laser - Pybus and Harvey 2000). Further details can be found in the 

Supplementary Materials. 

Data analysis 

Statistical analyses were performed in R to identify whether reproductive mode explains differences 

in species discreteness, sample sizes per species, and patterns of net diversification. To identify 

whether species discreteness measures are affected by reproductive mode (asexuality vs. sexuality) or 

habitat type (limnoterrestrial vs. aquatic), general linear mixed effects models (LMEMs) with a 

Gaussian error structure and an identity link function were implemented in the lme4 0.999999.0 

package (Bates and Sarkar 2007). Response variables included (i) π, (ii) TMRCA, the nearest 

heterospecific neighbour in terms of (iii) genetic distance and (iv) phylogenetic distance, and (v) 

various population genetic signatures (D*, F*, FS, Tajima’s D, and R2). Reproductive mode and 

habitat type were included into the model as fixed effects. To account for potential disproportionate 

influence of few taxa (i.e. taxonomic pseudoreplication), morphospecies nested within genus and 

number of sequences per GMYC species were blocked out as random effects. The nested random 

effects (i.e. morphospecies within genus) made LMEMs appropriate. Markov chain Monte Carlo P 
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values (pMCMC) with HPD confidence intervals for the parameters of each model were estimated 

using 10,000 samples within the languageR 1.4 package (Baayen et al. 2008). 

The difference in the number of sequences and unique haplotypes per GMYC cluster, the proportion 

of singleton taxa per dataset, and the constancy of net diversification between bdelloids and 

monogononts, estimated independently for γ corrected a priori and post hoc, were assessed using 

Wilcoxon Rank Sum tests. This test was appropriate due to the lack of random effects and because 

each dataset has a single measure for each of those variables. 

Retrospective power analyses were performed to determine whether any lack of significance was due 

to inadequate sample size or insufficient power. Power is the proportion of times the null hypothesis is 

rejected when it is false; this was calculated from sample sizes, significance level (α), and effect sizes 

(Cohen’s d) using the pwr 1.1.1 package (Champely and Champely 2007). Cohen’s d effect size 

provides an indication of the strength of the focal relationship, with higher values indicative of a 

stronger relationship; these were calculated by dividing the group means (i.e. asexual or sexual) by the 

pooled standard deviation (Cohen 1992).
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Results 

The 13 datasets contained between 38 and 1,541 sequences and yielded 5 to 120 GMYC species. The 

ratio of species estimated using the GMYC compared to traditional taxonomy ranged from 2:1 to 77:1 

(on average 16 times higher; Table S5.2). On average, bdelloid species had fewer sequences 

(5.63±1.56 and 16.4±3.32, bdelloid and monogonont, respectively) and unique haplotypes per GMYC 

cluster (1.75±0.18 and 4.42±1.1, respectively) than the monogonont species (Wilcoxsequences: W=3, 

P=0.0082; Wilcoxhaplotypes: W=1, P=0.0053, respectively). As a result, the transition from inter- to 

intraspecific branching used by the GMYC to detect clusters was qualitatively steeper in 

monogononts than in bdelloids (average GMYC P values: 0.0081 vs. 0.014; Table S5.2) and 

indicative of a more saturated sample of haplotypes (Supplementary File S5.3). Furthermore, the 

proportion of singletons was higher in the bdelloid clades (63.4±4.05% in bdelloids; 40.97±5.17% in 

monogononts; Wilcoxsingletons: W=144, P=0.0022). Singletons can either consist of multiple clonal 

samples (collapsed into a single haplotype) or a single-sample specimen; the proportion of single-

sample specimens was similar between bdelloids (37%) and monogononts (39%). 

Discreteness measures 

Interspecific divergence (raw and phylogenetic distance) was significantly greater in monogononts 

than in bdelloids (Table 5.1; Fig. 5.3; Fig. 5.4); in contrast, intraspecific variation (π or TMRCA) was 

similar between the two classes. The pattern of clustering was consequently more discrete in 

monogonont rotifers. These differences in discreteness were not attributed to habitat type (aquatic vs. 

limnoterrestrial; Table 5.1) and remained significant when the number of haplotypes per GMYC 

species, dataset, and morphospecies were blocked out as random effects.
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Table 5.1 Results of general linear mixed effects models (LMEMs) for the discreteness of 

species (intraspecific variation [π: pDist], time to most recent common ancestor [TMRCA: MYR], 

nearest neighbour [pDist], and nearest neighbour [MYR], analysed separately). 

Reproductive mode and habitat type were included as fixed effects (bold), while morphospecies 

identity, sample size (# of haplotypes per GMYC species), and the focal dataset were included as 

random effects (italics). P values of fixed effects on the HPD intervals obtained from Markov Chain 

Monte Carlo (MCMC) sampling and P values of random effects are based on likelihood ratio tests 

(LR Χ
2
). 

Response 
Explanatory 

(fixed/random) 

MCMCmean 

/Variance 

HPD(-/+) 

/SD 
LR Χ

2
 P 

Intraspecific 

variation  

(pDist) 

Asexual aquatic (Intercept) 0.013 0.0057, 0.022 - 0.0016 

Sexual 0.0012 -0.0089, 0.01 - 0.79 

Limnoterrestrial -0.0004 -0.0095, 0.0082 - 0.95 

Morphospecies identity 0 0 0 0 

Sample size 6.26e
-6

 0.0025 -1.18 0 

Dataset 3.16e
-5

 0.0056 -4 0 

Residual 0.0002 0.014   

TMRCA 

(patristic) 
Asexual aquatic (Intercept) 1.13 0.61, 1.64 - 0.0001 

Sexual 0.16 -0.41, 0.71 - 0.56 

Limnoterrestrial 0.33 -0.15, 0.76 - 0.16 

Morphospecies identity 4.21e
-17

 6.49e
-9

 0 0 

Sample size 0.15 0.39 -18.12 0 

Dataset 0.23 0.48 -2.16 0 

Residual 0.38 0.62     

Nearest  

neighbour 

(pDist) 

Asexual aquatic (Intercept) 0.076 0.048, 0.1 - 0.0001 

Sexual 0.069 0.033, 0.1 - 0.0001 

Limnoterrestrial -0.0031 -0.024, 0.016 - 0.76 

Morphospecies identity 0.00065 0.026 -26.48 0 

Sample size 0 0 0 0 

Dataset 0.0015 0.038 -1.42 0 

Residual 0.0012 0.035   

Nearest  

neighbour 

(patristic) 

Asexual aquatic (Intercept) 8.27 3.94, 11.94 - 0.001 

Sexual 5.86 0.72, 11.02 - 0.023 

Limnoterrestrial 0.32 -2.77, 3.4 - 0.83 

Morphospecies identity 17.83 4.22 -16.4 0 

Sample size 0 0 0 0 

Dataset 22.36 4.73 -1.2 0 

Residual 34.24 5.85     
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Figure 5.3 Distribution of all the intra- and interspecific raw pairwise genetic distances for 

bdelloid and monogonont rotifers and the differences in the two groups for intra- and interspecific 

genetic distance. 

The distribution of genetic distances for bdelloid (a) and monogonont (b) GMYC species delimited 

using Bayesian gene trees is shown. The boxplots highlight the differences between bdelloid and 

monogonont rotifers for intra-and interspecific genetic distance (c). The small open circles indicate 

data points outside of the 75% quartile. 
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Figure 5.4 Boxplots representing the discreteness of bdelloid (red) and monogonont (blue) 

rotifer GMYC species in relation to intraspecific genetic distance (π [pDist]; a), time to the most 

recent common ancestor (TMRCA [MYR]; b), genetic distance to the nearest heterospecific 

neighbour (pDist; c), and phylogenetic distance to the nearest heterospecific neighbour (MYR; d). (e) 

Schematic of the typical bdelloid and monogonont gene trees; species are represented by nodes at the 

point of coalescence. 

The dashed arrows highlight aspects of the phylogeny used to measure nearest neighbour (d), 

TMRCA (b) and Pi (π) (a). For the box plots, measurements were averaged across bdelloid and 

monogonont Bayesian datasets. Open circles represent outlier values. The significance of the 

difference between bdelloid and monogonont datasets for the various measures is shown at the top of 

each box (N.S. = P >0.05; * = P < 0.05; ** = P < 0.01; *** = P < 0.001). 

Population genetic signatures 

None of the five population genetic signatures differed significantly between bdelloid and 

monogonont rotifers or habitat types (Table 5.2; Fig. 5.5), although monogononts exhibited 

qualitatively more negative estimates for each of the population genetic signatures (Table 5.2).
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Table 5.2 Results of general linear mixed effects models (LMEMs) assessing whether results of 

the neutrality tests (D*, F*, FS, D, and R2, analysed separately) were explained by reproductive mode 

and/or habitat type. 

Reproductive mode and habitat type were included as fixed effects (bold), while morphospecies 

identity, sample size (# of haplotypes per GMYC species), and the focal dataset were included as 

random effects (italics). P values of fixed effects on the HPD intervals obtained from Markov Chain 

Monte Carlo (MCMC) sampling and P values of random effects are based on likelihood ratio tests 

(LR Χ
2
). 

Response 
Explanatory 

(fixed/random) 

MCMCmean 

/Variance 

HPD(-/+) 

/SD 
LR Χ

2
 P 

D* Asexual aquatic (Intercept) -0.27 -1.41, 0.95 - 0.63 

Sexual -0.64 -1.75, 0.51 - 0.25 

Limnoterrestrial -0.63 -1.86, 0.52 - 0.28 

Morphospecies identity 0 7.13e
-7

 0 0 

Sample size 1.68 1.3 -13.05 0 

Dataset 0.12 0.35 -0.084 0 

Residual 0.48 0.69   

F* Asexual aquatic (Intercept) -0.27 -1.47, 0.96 - 0.65 

Sexual -0.68 -1.86, 0.48 - 0.24 

Limnoterrestrial -0.64 -1.87, 0.62 - 0.3 

Morphospecies identity 2.80e
-11

 5.29e
-6

 0 0 

Sample size 1.68 1.3 -11.68 0 

Dataset 0.14 0.37 -0.056 0 

Residual 0.54 0.74     

FS Asexual aquatic (Intercept) -6.66 -14.09, 0.8 - 0.088 

Sexual -2.94 -9.96, 3.65 - 0.39 

Limnoterrestrial -0.41 -8.23, 6.65 - 0.91 

Morphospecies identity 0 0 0 0 

Sample size 228.38 15.11 -158.42 0 

Dataset 0.48 0.69 -2.58 0 

Residual 0.72 0.85   

D Asexual aquatic (Intercept) 0.011 -0.9, 0.84 - 0.97 

Sexual -0.59 -1.47, 0.35 - 0.19 

Limnoterrestrial -0.66 -1.64, 0.3 - 0.16 

Morphospecies identity 3.21e
-28

 1.79e
-14

 0 0 

Sample size 0 0 0 0 

Dataset 0.24 0.49 -0.22 0 

Residual 0.56 0.75     

R2 Asexual aquatic (Intercept) 0.37 0.18, 0.56 - 0.001 

Sexual -0.17 -0.36, 0.029 - 0.089 

Limnoterrestrial -0.1 -0.27, 0.069 - 0.25 

Morphospecies identity 0 0 0 0 

Sample size 0.015 0.12 -8.27 0 

Dataset 2.22e
-12

 1.49e
-6

 0 0 

Residual 0.14 0.38     
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Figure 5.5 Boxplots showing the distribution of five population genetics signatures across 

clusters within both bdelloid (red) and monogonont (blue) rotifers. 

Boxes indicate the extent of the first and third quartiles. Whiskers indicate the most extreme data 

points within 1.5 times the inter-quartile distance from the box and open circles represent outlier 

values. (a) D*; (b) F*; (c) FS; (d) Tajima’s D; (e) R2. 

Patterns of net diversification 

Phylogenetic analyses of this sample indicated that bdelloids and monogononts are both 

monophyletic. The crown age of the bdelloids was found to be 58.16 MYR (HPD 95% - 34.84-99.99; 

Fig. 5.2), a finding congruent with the available fossil evidence. Bdelloids had a significantly faster 

net diversification rate (0.072±0.003) than monogononts (0.048±0.004; Table 5.3). Separate 

parameterisation for both bdelloid and monogonont clades produced a better model fit than modelling 

all the data together (Χ
2
=11.26, P=0.018; Table 5.3). All the bdelloid clades (except Pleuretra) 

exhibited decelerating net diversification rates with negative values for the γ statistic; these γ values 

remained significantly negative despite incomplete sampling (corrected for using either CorSiM or the 

MCCR test; Fig. 5.6; Table S5.2). In contrast, only one monogonont dataset (Brachionus plicatilis) 

remained significantly negative when sampling biases were corrected for (Table S5.2). Monogonont 

clades typically exhibited more constant net diversification rates compared to bdelloid clades, this was 

indicated by more positive γ values (-1.13±0.55 vs. -3.63±1.22; Table 5.4; Fig. 5.6). The difference in 

rate slowdowns between monogononts and bdelloids was not significant, this is likely due to the 

insufficient power at this significance level (0.05), effect size (determined by Cohen’s d: 0.98), and 

sample size (Power analysis: effect size=1.58, power=0.36).
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Table 5.3 Estimation of net diversification rates (speciation [λ] minus extinction [µ]) from 

separately parameterised pooled bdelloid, monogonont, and total datasets. 

Phylogenetic 

method 
Dataset 

Diversification 

rate (λ-µ) 

Standard 

error 

# 

tips 
Deviance 

Log 

likelihood 

P 

compared 

to "All" 

BEAST Bdelloid 0.072 0.003 334 168.70 -84.35 0 

BEAST Monogonont 0.048 0.004 93 329.06 -164.53 0 

BEAST All rotifers 0.066 0.002 427 509.02 -254.51 NA 

 

Figure 5.6 Lineage through time plots of bdelloid (red) and monogonont rotifers (blue) on 

absolute time scales with differences in shifts in diversification rate (γ) shown. 

Lineage through time plots (bdelloid [a] and monogonont [b]) are based on pruned Bayesian trees, 

each tip represents only one terminal per species as identified by the GMYC. Lineage through time 

plots of phylogenies corrected for undersampling using CorSiM are also shown (dotted lines). 

Differences between bdelloids and monogononts in the distribution of the raw (c) and corrected 

values for the γ statistic (d) are shown. Open circles represent outlier values. 

 

Table 5.4 γ statistic for both bdelloid and monogonont rotifers and significance of their 

comparison. Incomplete sampling was addressed using MCCR tests and CorSiM. 

  Bdelloid γmean Bdelloid γS.E. Monogonont γmean Monogonont γS.E. W P 

γ (MCCR) -3.63 1.22 -1.13 0.55 8 0.073 

γ (CorSiM) -2.22 0.86 -1.01 0.72 10 0.14 
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Discussion 

Both bdelloid and monogonont rotifers display significant clustering of mitochondrial DNA variation, 

as expected if both groups had diversified into multiple, independently evolving species. The shift 

from slow to fast branching rates used to delimit GMYC genetic clusters, however, is steeper in 

monogononts than in bdelloids. Monogonont clusters are separated by significantly larger distances 

than bdelloid clusters, and tend to contain more sequences per cluster for equivalently sampled clades: 

a higher proportion of the sampled sequences group together into clusters. We discuss how this 

observed difference in discreteness could be ascribed to differences in reproductive mode, ecology, or 

sampling, and formulate a framework with which these hypotheses could be separated. 

The higher discreteness observed in monogononts relative to bdelloids is not due to differences in 

intraspecific variation. Although there were several theoretical reasons to predict systematic 

differences (for example because bdelloids might have double the effective population size of mtDNA 

or stronger effects of recurring selective sweeps), average measures of intraspecific variation and 

neutrality were similar in bdelloids and monogononts. Strong differences in population genetic 

signatures between the clades might have been obscured by the opposing effects of alternative 

mechanisms. Future surveys with additional markers would help to investigate these effects further. 

Instead, the greater discreteness of monogonont species, compared to bdelloid species, was due to 

wider genetic gaps between clusters. This pattern is associated with faster net diversification rates in 

bdelloids than in monogononts, because faster rates lead to species that tend to be more closely related 

to their nearest relatives. One possible explanation is that, as predicted in the Introduction, bdelloids 

are better able to take advantage of ecological opportunities for speciation because their 

diversification does not depend on the evolution of reproductive isolation that would otherwise 

breakdown the early stages of speciation (Barraclough et al. 2003). Conversely, slower diversification 

rates in monogononts would be expected if the need to evolve reproductive isolation limits speciation 

in sexuals (Felsenstein 1985). 

There could be other confounding differences between bdelloids and monogononts that explain the 

observed patterns. One is that greater interspecific distances might be an artefact of differences in 

sampling. The monogonont sample might have more missing species, which would lead to artificially 

larger interspecific distances. For example, if monogonont species are more locally endemic than 

bdelloid species, then geographically restricted sampling might miss more species. We used three 

different approaches to assess the effect of sampling as a confounding factor: factoring out habitat 

type, constancy of net diversification rate, and jack-knife analyses of GMYC entities. Both bdelloid 

and monogonont rotifers can disperse by water, wind, or as commensals, and thus have a high 

dispersal capacity (Wilson and Sherman 2013; Walsh et al. 2014) and broad distributions (Gómez et 
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al. 2002; Segers 2007; Fontaneto et al. 2008; Malekzadeh-Viayeh et al. 2014). Monogonont rotifers, 

however, exhibit geographical structuring owing to strong founder effects, locally adapted genotypes, 

and large resting egg banks that buffer against subsequent invasion (Monopolization hypothesis - De 

Meester et al. 2002). Bdelloids do not have large resting egg banks and might therefore have lower 

endemism owing to their ability to survive desiccation as adults (Ricci 2001) and thus colonise a wide 

distribution of habitats. However, aquatic bdelloids are much less capable of surviving desiccation 

(Ricci 1998) and therefore should exhibit similar dispersal patterns to the monogononts they cohabit 

with. We used habitat type as a proxy for dispersal and colonisation capability to address this 

possibility, reasoning that species of deeper water bodies are less prone to passive dispersal via wind 

dispersal and have lower desiccation tolerance (as shown for certain bdelloid species - Ricci 1998). 

Interspecific variation was explained by reproductive mode rather than habitat type indicating that 

differences in clustering between bdelloids and monogononts are not explained by differences in 

habitat type. It remains possible, however, that other facets of rotifer biology, which affect either true 

diversification patterns or species sampling, cannot be accounted for by this coarse measure. 

As an independent assessment of species sampling, we compared the shapes of species trees. 

Undersampling of species tends to lead to an apparent slowdown in the net diversification rate 

towards the present in species trees (Barraclough and Nee 2001) and lower observed net 

diversification rate (Pybus and Harvey 2000; Ricklefs 2007). In fact, bdelloid but not monogonont 

trees exhibited deceleration in net diversification rate, which is indicative of either actual diversity 

dependent diversification or incompleteness of sampling (Pybus and Harvey 2000; Rabosky and 

Lovette 2008). If our bdelloid dataset contained a smaller species sample than the monogonont one, 

then supplementary sampling would further increase bdelloids’ net diversification rates and strengthen 

our findings.  

The final feature relevant to sampling is that there are fewer monogonont clusters but they contain on 

average three times as many sampled individuals than in bdelloid clusters. This difference indicates 

that there is a tendency for total genetic diversity to quickly saturate in monogonont samples (as 

shown by Swanstrom et al. 2011): additional sequences supplement closely related genotypes within 

species clusters, while maintaining the interspecific gaps. In contrast, further sampling of bdelloids is 

more likely to continue the discovery of additional divergent haplotypes, acting to fill interspecific 

gaps. The jack-knifing of the bdelloid and monogonont datasets (Supplementary File S5.3) resulted in 

a steeper deterioration in GMYC model fits for bdelloids than for monogononts. This indicates that 

removing bdelloid sequences tends to underrepresent the coalescent part of the tree and thus reduce 

the GMYC model fit. In contrast, removal of 50% of the monogonont sequences has less effect on the 

model fits. Monogonont diversity in these samples was therefore more saturated than the bdelloids, 

the corollary being that increased monogonont sampling will tend to supplement existing haplotypes 

and therefore not affect the interspecific gaps or overall diversification rate. 
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Although we believe that sampling does not explain the observed differences between bdelloids and 

monogononts, we cannot firmly rule out that possibility. For example, our analyses could not assess 

whether potential incomplete sampling was randomly dispersed with respect to species. The lack of 

geographically restricted clades for focused sampling and current underestimation of diversity levels 

in both clades (e.g. Tang et al. 2012) means that it is hard to envisage a targeted sampling scheme that 

could improve greatly on our opportunistic one. One alternative would be to focus on co-occurring 

species in local habitat patches (e.g. ponds) to compare patterns of discreteness of sympatric forms. 

For example, using environmental metabarcode approaches could allow surveys across multiple 

habitat patches (e.g. Robeson et al. 2011). Furthermore, our study looks at a single measure of genetic 

variation, namely variation in one mitochondrial marker. A single marker meta-survey was necessary 

to encompass the breadth of individual and taxon sampling needed for this study, but cannot capture 

the entire speciation process and changes in biologically interesting traits (Rokas et al. 2003). For this, 

an integrative, multi-locus, or candidate gene approach is necessary (see Blair and Murphy 2011). 

Variation among rotifer species for jaw morphology, for example, has been attributed to food particle 

size preference (monogononts - Ciros-Perez 2001; hypothesised in bdelloids - Melone and Fontaneto 

2005). However, even with recent technological advances in sequencing, identifying the genes 

underlying these traits would remain a challenging task across the scale of samples included here.  

Returning to the original question of whether asexual species are as discrete as sexual species: if 

discrete niches in the environment explained species, we would expect the same level of discreteness 

in both sexuals and asexuals assuming both were able to adapt to those niches (Barraclough et al. 

2003), and this is not observed. Hypothetically, if the environment were continuous and there was no 

geographical isolation, selection would not create genetic gaps in asexuals, rather there would be 

increasing divergence as lineages adapted to increasingly divided partitioning of resources 

(Roughgarden 1979). In sexuals, however, recombination would act as a cohesive force: organisms 

with similar genotypes are reproductively compatible and only rarely do mechanisms arise to permit 

reproductive isolation. Of course isolation by distance cannot be ignored and might well be different 

between bdelloids and monogononts. However, the ubiquity and inter-continental dispersal of both 

monogonont (Malekzadeh-Viayeh et al. 2014) and bdelloid (Fontaneto et al. 2008) haplotypes makes 

isolation by distance an unlikely primarily mechanism for the difference in discreteness observed 

between bdelloid and monogonont species (Mills et al. 2007). 

Our analysis provides the first genetic evidence that monogonont rotifer species are more discrete 

than bdelloid rotifer species. Multilocus sequencing of cohabiting bdelloid and monogonont 

specimens would enable one to narrow down this pattern to either differences in reproductive mode or 

ecology. Additional targeted sequencing of bdelloid specimens would also help in identifying whether 

or not the perceived patterns are due to a lower representativeness of the bdelloid datasets. We posit 

that difference in sampling is an unlikely explanation given the global sample of bdelloid taxa present 
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here but this needs to be explicitly tested. If we can confirm that the difference in reproductive mode 

is key to species discreteness, then the results will indicate that while asexuals do speciate into distinct 

clusters, potentially mediated by adaptation to distinct niches and/or geographical isolation, 

reproductive isolation is a stronger driver for species discreteness.



Chapter 6: Dated multilocus bdelloid phylogeny 

102 

 

Chapter 6: Dated, multilocus, molecular phylogeny of bdelloid rotifers 

Abstract 

Phylogenies are needed to determine the timing and pattern of radiations; for Bdelloidea, an 

ecologically and evolutionarily unique clade of microinvertebrates, there is no widely accepted 

multilocus phylogeny. Here we present the most up to date molecular phylogeny of Bdelloidea 

(Rotifera); it has representatives from 16 of the 19 genera, all four families, and all three orders, and 

was reconstructed using maximum likelihood and Bayesian inference methods, and includes data 

from five loci. Phylogenetic reconstruction without topological constraints serves as the best fitting 

model for these data, indicating that recognised bdelloid higher taxa are polyphyletic and have much 

more nebulous boundaries than previously assumed. This conclusion leads us to believe that 

morphological differences between the higher taxa in Bdelloidea, a mainstay for their traditional 

taxonomy, are labile and plastic. Model derived estimates for the crown age of Bdelloidea show that 

they have been evolving for at least 51.8 MYR, making them truly ancient asexuals. Furthermore, 

amplification of the non-Metazoan gene indicates that it was horizontally transferred before the 

radiation of bdelloid crown group. Further analyses including additional taxa (ingroup and outgroup) 

and more sequences are still required to confirm or refute these findings, but as it stands, these data 

lay the foundations with which bdelloid taxonomy can be tested within an evolutionary framework.
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Introduction 

Bdelloidea is a class of Rotifera containing at least 470 recognised morphological species (Segers 

2007), although this is widely regarded as a vast underestimate of their true diversity given that 

cryptic species are particular prevalent (e.g. Fontaneto et al. 2009; Tang et al. 2012; Fontaneto 2014). 

Despite being the most well studied ancient asexual model system (e.g. Flot et al. 2013) and rotifers 

being among the “most important soft-bodied invertebrates in the fresh-water plankton” (Hutchinson 

1967), their systematics is a glaring gap in our knowledge of the group (Sørensen and Giribet 2006). 

Phylogeneties can be used to test the evolutionary relationships within and between taxa; knowledge 

of this would aid in better understanding the rate, composition, distribution, and ancestry of bdelloid 

biodiversity evolution. Identifying monophyletic groups in an anciently asexual taxon would add 

weight to the argument that asexual taxa can diversify into discrete groups at higher taxonomic ranks 

as well as at the species level (e.g. Fontaneto et al. 2007d). As yet, a robust Bdelloidea phylogeny 

does not exist, and this impinges on how much we can extrapolate from other bdelloid studies. 

The unusual evolutionary life span, tolerances to stresses, genomic structure, and ubiquity, among 

other aspects, make bdelloid rotifers an interesting study system. For example, bdelloid rotifers, 

among Metazoa, have the highest proportion of horizontally transferred genes (Boschetti et al. 2012), 

are the best supported case of ancient asexuality (Birky 2010; Danchin et al. 2011; Flot et al. 2013), 

and are able to resist extreme levels of ionising radiation (Gladyshev 2008; Krisko et al. 2012) and 

desiccation by undergoing anhydrobiosis (Ricci et al. 2007). Furthermore, they have a wide 

distribution (Segers 2007; Fontaneto et al. 2008a) owing to the their propensity for passive dispersal 

and colonisation (Wilson and Sherman 2010). The increasing prevalence of evolutionary studies of 

this study system warrants a deeper evaluation of how the taxa are related so that observed novelties 

within Bdelloidea can be put within an evolutionary framework and extrapolated across the clade with 

more support. Outside of taxonomic surveys (e.g. Iakovenko 2000; Fontaneto et al. 2007b; Kaya et al. 

2010; Iakovenko et al. 2013), most bdelloid studies have used four model “species”: Adineta vaga, A. 

ricciae, Macrotrachela quadricornifera, and Philodina roseola. What we know about bdelloid 

genomic structure (Mark Welch et al. 2008; Boschetti et al. 2012; Eyres et al. 2012; Flot et al. 2013), 

anhydrobiosis (Ricci et al. 2003; Pouchkina-Stantcheva et al. 2007; Boschetti et al. 2011), and stress 

tolerances (Ricci et al. 2007; Gladyshev 2008) is based on studies concentrating nearly exclusively on 

these lab strains, which are easily culturable (Table S6.1). The phylogenetic analyses that we generate 

will provide a baseline with which future comparative tests of bdelloid biology can be used to justify 

their extrapolations. 

The current state of bdelloid taxonomy is unstable and this is most apparent at the lower taxonomic 

scale (i.e. species) where morphological stasis and cryptic diversity are very common (Fontaneto et al. 

2009; Kaya et al. 2009). This taxonomic instability is driven by plastic and convergently evolved 
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morphological characters, and exacerbated by the astonishing dearth of expert “rotiferologists” 

(Wallace 2002; Fontaneto et al. 2012a) and lack of an overarching modern key (Donner 1965 is the 

most widely used key and is yet to be translated from German). What we know about bdelloid rotifers 

is heavily influenced by where the few rotiferologists are or were (Fontaneto et al. 2012a), while 

much of the world (especially the tropics) remain aqua incognita (Wallace 2002). 

Bdelloidea is a class belonging to the Rotifera phylum, which includes three other classes 

(Monogononta, Seisonacea, and Acanthocephela). It comprises three orders (Adinetida, 

Philodinavida, and Philodinida), four families (Adinetidae, Habrotrochidae, Philodinidae, and 

Philodinividae) and 19 genera, which have not been subjected to taxonomic revisions since their 

descriptions (e.g. Melone and Ricci 1995). Bdelloids are mostly bottom dwelling animals that crawl 

using their rasping head and feet in a leech-like (Greek for leech = bdella) motion. All bdelloid 

rotifers share the same basic body plan (Fig. 6.1): elongated body, ciliated apical region (trochi), 

telescopically retractable foot and head, paired gonads (leading to their previous synonym 

Digononta), single dorsal antenna, apical rostrum, ramate mastax, foot ending with toes and spurs, and 

adhesive pedal glands (Melone and Ricci 1995). The three orders are morphologically recognised by 

the position of their ramate mastax and by characteristics of their trochi (the rotary apparatus used to 

generate vortex water currents into their mouths for filter feeding): Philodinida have a deep mastax 

and developed trochi, Philodinavida have a superficial mastax and reduced trochi, and Adinetida have 

a deep mastax and a ventralised trochal field. At the family level, Philodinida is split into 

Habrotrochidae and Philodinidae based on the presence of observable spherical pellets (food 

vacuoles) and lack of visible stomach lumen in well fed individuals as opposed to unpacked faeces 

and clearly distinguishable stomach lumen, respectively. Each of the 19 genera can be differentiated 

by specific morphological traits such as the number of toes and spurs, the texture of the outer 

integument, length of the foot, and teeth morphology (Ricci and Melone 2000). These characters are 

often difficult to discern under microscopy and require an expert eye and patience to fully observe. 

Whether these diagnostic characters are homologous or homoplasic is unknown. 
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Figure 6.1 Schematic drawing of a typical bdelloid body plan. 

Bold and italicised labels are characteristics that are used to delineate bdelloid higher taxa. For 

Philodina species, the eye is on the brain, but for Rotaria species, the eye is on the rostrum. The 

figure is adapted from an image by Richard Fox with additional images taken by Rotaria macrura 

(left) and the trophi of R. tardigrada taken by Diego Fontaneto and Adineta tuberculosa taken by 

Giulio Melone. 

 

While the relationships between the Rotifera classes (Bdelloidea, Mongononta, Seisonida, and 

Acanthocephela) have received attention (Wallace 2002; García-Varela and Nadler 2006; Sørensen 
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and Giribet 2006; Fontaneto and Jondelius 2011; Lasek-Nesselquist 2012), the systematic 

relationships at the lower taxonomic levels are understudied. Birky et al. (2005) used COI mtDNA 

with multiple samples from Adineta, Habrotrocha, Macrotrachela, Philodina, and Rotaria, to 

reconstruct a gene tree with which to delimit cryptic species clusters. The tree had no backbone 

support (i.e. >70% bootstrap support) between the species clusters and so it was not possible to 

determine whether the higher taxa shown even some level of support for monophyly. In a previous 

phylogenetic assessment of the group, Tang et al. (2014b; Chapter 5) used a concatenated alignment 

of COI mtDNA and 18S rDNA to show that bdelloid rotifers are monophyletic when assessed with 

monogononts, and that all of the three genera with multiple samples (Philodina, Rotaria, and 

Dissotrocha) were monophyletic. The paraphyletic placement of Adineta within the other Philodindae 

samples) provided the first clue that bdelloid higher taxa might not be monophyletic. 

At present, bdelloids have received more attention for their novel physiological (anhydrobiosis; e.g. 

Gladyshev 2008; Hespeels et al. 2014) and evolutionary characteristics (ancient asexuality; e.g. Mark 

Welch and Meselson 2000; Flot et al. 2013) than for their systematics. At present, little is known 

about the relationships among the higher taxa or even if these entities represent evolutionary clades. 

We present the most robust dated molecular phylogeny of Bdelloidea with representatives from 16 of 

the 19 described genera, all four families and all three orders, using a concatenated alignment of five 

genes.
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Materials and Methods 

Biological samples 

Samples were collected by CQT, CGW, DF, NI and CWB from various locations (Table 6.1). Upon 

collection these animals were sorted and identified to the species level using Donner (1965), Birky et 

al. (2011), and Iakovenko et al. (2013) as guides. Of the collectors, DF, NI, and CWB have all 

described bdelloid species and are considered among the most reliable taxonomists for bdelloids; the 

taxonomic identity of samples collected by CQT and CGW were confirmed by DF. In total, forty two 

bdelloid samples were collected. 

DNA extraction and PCR amplification 

For each individual specimen, DNA was extracted using 30μL of 6% Chelex 100 resin (Bio-Rad, 

Hemel Hempstead, UK) and 2μL proteinase K. The mixture was heated at 56°C for an hour followed 

by 96°C for 10 min. For a few samples, namely Adineta vaga, Adineta ricciae, Habrotrocha bidens, 

Habrotrocha constricta, Habrotrocha elliptica, Habrotrocha elusa, and Abrochtha meselsoni, 

colonies were cultured prior to DNA extraction. For each sample, COI mtDNA, 18S rDNA, 

28SrDNA, and two genomic loci (fragment 686 and 1054 - designed from transcriptomic alignments 

generated by Eyres, 2013; Supplementary Materials) were PCR amplified using RedTaq and the 

primers and cycle conditions outlined in Table 6.2 and described in more detail in the Supplementary 

Materials. Primers for the amplification of 18S, 28S, and the two genomic regions (fragments 686 and 

1054) were designed as outlined in the Supplementary Materials. Amplicons were checked on a 1.5% 

agarose gel prior to purification and sequenced in both directions by Macrogen Europe (Amsterdam, 

The Netherlands) on an ABI3730XL sequencer. Chromatograms were checked by eye and assembled 

in Geneious v5.4.6 (Drummond et al. 2006). For the nested fragments (18S and 28S), several 

fragments were joined by overlapping regions into a single sequence. As an additional fidelity check, 

the protein coding loci (COI, 686, and 1054) were translated into amino acids and checked for stop 

codons. The final sequences were aligned using the MAFFT plugin (Katoh et al. 2009) with Geneious 

with additional sequences downloaded from GenBank (Table 6.1). The substitution model of each 

locus was assessed from a subset of 88 possible models using jModelTest 2 (Darriba et al. 2012; 

Table S6.3). For the protein coding regions, we used the alignment of translated amino acids and the 

appropriate protein model was determined using ProtTest 2.4 (Abascal et al. 2005; Table S6.4) by 

Akaike Information Criterion (AIC) from a potential 112 different models and optimised for branch 

lengths, model, and topology using PhyML and nearest neighbour interchange (NNI) tree 

rearrangement.
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Table 6.1 Taxa sampled. Unique identifier, collection information, and GenBank accession numbers of shown. 
Order Family Genus Species ID Coll. Date Location Habitat COI 18S 28S 686 1054 

Adinetida Adinetidae 

(Hudson &  

Goose, 1886) 

Adineta Hudson, 1886 ricciae Segers & Shiel, 2005 AD001 CGW† 26/06/ 

1998 

Victoria, Australia Dried mud KM04

3179 

KM04

3251 

KM04

3216 

KM04

3132 

KM04

3154 

 Adineta Hudson, 1887 vaga Bryce, 1893 AD002 CGW 12/04/ 
2007 

New York, USA Moss on oak KF58 
2480* 

KF561
095* 

KM04
3217 

KM04
3133 

KM04
3155 

  Adineta Hudson, 1888 vaga Bryce, 1893 AD003 CGW 27/05/ 

2009 

Tochigi 

prefecture, Japan 

Moss and soil KM04

3180 

JX494

733* 

KM04

3218 

NA NA 

  Adineta Hudson, 1889 vaga Bryce, 1893 AD004 CGW 05/11/ 

2009 

Tokyo, Japan Moss and soil KM04

3181 

JX494

739* 

KM04

3219 

KM04

3134 

KM04

3156 

  Adineta Hudson, 1890 vaga Bryce, 1893 AD005 CGW 25/03/ 
2011 

Ascot, UK Moss KM04
3182 

KM04
3252 

KM04
3220 

NA KM04
3157 

  Adineta Hudson, 1891 vaga Bryce, 1893 AD006 CGW 09/01/ 

2012 

Ascot, UK Moss on oak KM04

3183 

KM04

3253 

KM04

3221 

NA NA 

  Adineta Hudson, 1892 vaga Bryce, 1893 AD007 CGW 09/01/ 

2012 

Ascot, UK Moss on oak KM04

3184 

KM04

3254 

KM04

3222 

NA NA 

  Adineta Hudson, 1893 vaga Bryce, 1893 AD008 CGW† 1984 Italy Moss DQ08 
9725* 

DQ08 
9733* 

DQ08 
9739* 

KM04
3135 

KM04
3158 

  Bradyscela Bryce, 1910 clauda Bryce, 1893 A953 

BC 

DF 08/04/ 

2014 

Brittany, France Moss NA KM04

3255 

KM04

3223 

NA KM04

3159 
Philodinavida Philodinavidae 

(Harring, 1913) 

Abrochta Bryce, 1910 meselsoni Birky, Ricci, 

Melone & Fontaneto, 2011 

Angl.1.

1 

CWB 2011 Colorado and 

Wyoming, USA 

Temporary rock 

pools 

KM04

3177 

KM04

3249 

KM04

3214 

NA KM04

3153 

 Abrochta Bryce, 1910 sonneborni Birky, Ricci, 
Melone & Fontaneto, 2011 

Bird.3.
2 

CWB 2011 Arizona, USA Bird bath KM04
3178 

KM04
3250 

KM04
3215 

KM04
3131 

NA 

  Philoadinavus Harring, 1913 paradoxus Murray, 1905 A533 

PP 

DF 23/06/ 

2009 

Lapland, Finland Moss KM04

3203 

JX494

731* 

KM04

3240 

KM04

3146 

NA 

Philodinida Habrotrochidae 

(Harring, 1913) 

Habrotrocha Bryce, 1910 bidens Gosse, 1851 HB002 CGW 01/06/ 

2006 

New York, USA Soil KM04

3191 

KM04

3258 

KM04

3230 

KM04

3140 

KM04

3162 

  Habrotrocha Bryce, 1910 constricta Dujardin, 1841 HB005 CGW 05/11/ 
2009 

Tokyo, Japan Moss and soil KM04
3192 

KM04
3259 

KM04
3231 

NA KM04
3163 

  Habrotrocha Bryce, 1910 elusa elusa Milne, 1916 HB001 CGW 01/06/ 

2006 

New York, USA Soil KM04

3193 

KM04

3260 

KM04

3232 

KM04

3141 

KM04

3164 
  Habrotrocha Bryce, 1910 ligula Bryce, 1913 HB003 CGW 05/04/ 

2006 

New York, USA Rabbit dung KM04

3194 

KM04

3261 

KM04

3233 

KM04

3142 

KM04

3165 

  Otostephanos Milne, 1916 jolantae Iakovenko, 
Kasparova, Plewka & Janko, 

2013  

NI NI  Borkovice 
villlage, Czech 

Republic 

Sphgnum bog KM04
3199 

KM04
3265 

KM04
3236 

NA KM04
3169 

 Philodinidae 
(Ehrenberg, 

1838) 

Anomopus Piovanelli, 1903 telphusae Piovanelli, 1903 X3878 DF Gen 
Bank 

Italy epibiont on 
freshwater crab 

DQ08 
9727* 

DQ08 
9732* 

DQ08 
9741* 

NA NA 

 Didymodactylus Milne, 1916 carnosus Milne, 1916 A550 

DC 

DF 30/06/ 

2009 

Sweden Parmelia 

saxatilus lichen 

KM04

3185 

JX494

735* 

KM04

3224 

NA NA 

  Didymodactylus Milne, 1916 carnosus Milne, 1916 A953 

DC 

DF 09/04/ 

2014 

Brittany, France Moss KM04

3186 

KM04

3256 

KM04

3225 

KM04

3136 

NA 

  Dissotrocha Bryce, 1910 aculeata Ehrenberg, 1830 A745 

DA 

DF 26/07/ 

2010 

Svalbard Moss in a bog KM04

3187 

JX494

743* 

KM04

3226 

KM04

3137 

NA 

  Dissotrocha Bryce, 1910 macrostyla Ehrenberg, 1838 A726 
DM 

DF 17/07/ 
2010 

Svalbard Submerged 
moss 

KM04
3188 

KF582
497* 

KM04
3227 

KM04
3138 

KM04
3160 

  Embata Bryce, 1910 commensalis Western, 1893 A956 DF 11/04/ Brittany, France epibiont on KM04 KM04 KM04 KM04 KM04
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EC 2014 waterlouse 3189 3257 3228 3139 3161 

  Embata Bryce, 1910 laticornis Murray, 1905 A538 

EL 

DF 22/06/ 

2009 

Lappland, Sweden Submerged 

moss 

KM04

3190 

JX49 

4742* 

KM04

3229 

NA NA 

  Macrotrachela Milne, 1886 habita Bryce, 1894 A953 

MH 

DF 09/04/ 

2014 

Brittany, France Moss KM04

3195 

NA NA KM04

3143 

NA 

  Macrotrachela Milne, 1886 papillosa Thompson, 1892 A953 
MP 

DF 08/04/ 
2014 

Brittany, France Moss KM04
3196 

KM04
3262 

KM04
3234 

KM04
3144 

KM04
3166 

  Mniobia Bryce, 1910 magna Plate, 1889 645a 

MM 

NI  Crimea, Ukraine Lichen on rocks KM04

3197 

KM04

3263 

KM04

3235 

NA KM04

3167 
  Mniobia Bryce, 1910 russeola Zelinka, 1891 A953 

MR 

DF 08/04/ 

2014 

Brittany, France Moss KM04

3198 

KM04

3264 

NA NA KM04

3168 

  Philodina Ehrenberg, 1830 citrina Ehrenberg, 1830 A739 

PC 

DF 22/07/ 

2010 

Svalbard Moss in a bog KM04

3200 

KF561

100* 

KM04

3237 

NA NA 

  Philodina Ehrenberg, 1830 gregaria Murray, 1910 656 

PHG 

NI  Victoria Land, 

Antarctica 

Algal mat KM04

3201 

KM04

3266 

KM04

3238 

NA NA 

  Philodina Ehrenberg, 1830 megalotrocha Ehrenberg, 

1832 

A754 

PM 

DF 11/09/ 

2010 

Sardinia, Italy Moss KM04

3202 

JX494

737* 

KM04

3239 

KM04

3145 

NA 

  Pleuretra Bryce, 1910 hystrix Bartoš, 1950 A732 
PH 

DF 19/07/ 
2010 

Svalbard Moss KM04
3204 

JX494
746* 

KM04
3241 

NA KM04
3170 

  Pleuretra Bryce, 1910 lineata Donner, 1962 654a 

PL 

NI  Crimea, Ukraine Moss on rocks KM04

3205 

NA KM04

3242 

NA NA 

  Rotaria Scopoli, 1777 macrura Ehrenberg, 1832 A539 

RM 

DF 22/06/ 

2009 

Lappland, Sweden Moss 

submerged in a 

lake 

KM04

3206 

JX494

738* 

KM04

3243 

NA KM04

3171 

  Rotaria Scopoli, 1777 magnacalcarata Parsons, 

1892 

A952 

RM 

DF 07/04/ 

2014 

Brittany, France Pond KM04

3207 

KM04

3267 

NA KM04

3147 

KM04

3172 

  Rotaria Scopoli, 1777 magnacalcarata Parsons, 

1892 

C008 

RM 

CQT 24/03/ 

2014 

London, UK Pond KM04

3208 

KM04

3268 

KM04

3244 

KM04

3148 

KM04

3173 

  Rotaria Scopoli, 1777 rotatoria Pallas, 1766 A691 
RR 

DF 05/06/ 
2010 

Fulufjället 
National Park, 

Sweden 

Sphgnum bog KM04
3209 

JX494
744* 

KM04
3245 

KM04
3149 

NA 

  Rotaria Scopoli, 1777 rotatoria Pallas, 1766 X3888  Gen 
Bank 

  DQ08 
9729* 

DQ08 
9736* 

DQ08 
9743* 

NA NA 

  Rotaria Scopoli, 1777 sordida Western, 1893 A955 

RS 

DF 08/04/ 

2014 

Brittany, France Moss KM04

3210 

KM04

3269 

KM04

3246 

KM04

3150 

KM04

3174 

  Rotaria Scopoli, 1777 tardigrada Ehrenberg, 1830 A603 

RT 

DF 27/09/ 

2009 

Råstasjön, Sweden Lake among 

algae 

KM04

3211 

NA KM04

3247 

NA KM04

3175 

  Rotaria Scopoli, 1777 tardigrada Ehrenberg, 1830 A717 
RT 

DF 06/07/ 
2010 

Abisko National 
Park, Sweden 

Submerged 
moss 

KM04
3212 

KM04
3270 

NA KM04
3151 

KM04
3176 

    Zelinkiella Harring, 1913 synaptae Zelinka, 1887 A957 

ZS 

DF 14/04/ 

2014 

Brittany, France Epizoic on a sea 

cucumber 

KM04

3213 

KM04

3271 

KM04

3248 

KM04

3152 

NA 

* = Sequences supplemented from GenBank, † = culture strain 



Chapter 6: Dated multilocus bdelloid phylogeny 

110 

 

Table 6.2 Primers used in this study. The substitution model, alignment length, sample coverage, and PCR cycle conditions are also shown.  

Marker Primer Oligonucleotide Sequence (5'-3') Tm Cycle conditions 

Nucleotide/ 

Protein 

model 

Alignment 

length 

(bp) 

GC content 

(%) overall; 

GC3 

Coverage 

(X/42); (%) 

18S rDNA1 18SFnew* AGATTAAGCCATGCATGTCT 48.0 Whole fragment: 95°C for 5 min, 38 cycles of 95°C 
for 1 min, 60°C for 1 min, 72 °C for 1.5 min, 

followed by  72°C for 10 min. 

 
Internal fragments: 95°C for 5 min, 25 cycles of 

95°C for 1 min, 60°C for 1 min, 72 °C for 1 min, 

followed by 72°C for 10 min. 

GTR+G/ 1790 42.8; NA 39; 85.7 
4R GAATTACCGCGGCTGCTGG 55.4 NA    

18SFnew* AGATTAAGCCATGCATGTCT 48.0     

18SCT1* TGGAGGGCAAGTCTGGTGCCAGC 62.4     
18Sbi GAGTCTCGTTCGTTATCGGA 51.8     

18Sa2.0 ATGGTTGCAAAGCTGAAAC 46.8     

9R GATCCTTCCGCAGGTTCACCTAC 58.8     
28S rDNA2 28S1FCT* CGAGACCGATAGCGAACAAGTACCGTG 62.8 Whole fragment: 95°C for 5 min, 38 cycles of 95°C 

for 1 min, 60°C for 1 min, 72 °C for 4 min, 

followed by 72°C for 10 min. 
 

Internal fragments: 95°C for 5 min, 25 cycles of 

95°C for 1 min, 60°C for 1 min, 72 °C for 1 min, 
followed by 72°C for 10 min. 

GTR+I+G/ 2356 43.5; NA 38; 88.1 

28S0FCT* ACGAATGGCCGCATTCATCAGAT 55.3 NA    

28S1RCT* GTTTGACGATCGATTTGCACGTC 55.3     
28S2FCT* GACCCGAAAGATGGTGAACT 51.8     

28S2RCT* CGTCAGTCTTCAAAGTTCTCATTTGA 54.8     

28S3FCT* GCGTCGAAGGCTAACACGTGA 56.3     
28S3RCT* TGTTTTAATTAGACAGTCGGATTCC 52.8     

28S4FCT* CTTCGGGATAACGATTGGCTCTAAG 57.7     

28S4RCT* GGCTCTTCCTATCATTGCGAAGCAGACT 61.4     
28S5RCT* GAGTCAAGCTCAACAGGGTCTTCTT 57.7     

COI mtDNA HCOI TAAACTTCAGGGTGACCAAAAAATCA 53.2 95°C for 5 min, 30 cycles of 95°C for 1 min, 40°C 

for 1 min, 72 °C for 1 min, followed by 72°C for 10 
min. 

GTR+I+G/ 722 30.4; 13.3 41; 97.6 

LCOI GGTCAACAAATCATAAAGATATTGG 51.1 MtREV+G+F    

686 HTG 

nuDNA 

686CTF*† GGTTGGACACAACGAGCATTTGA 55.3 95°C for 5 min, 12 cycles of 95°C for 1 min, 60°C 

for 1 min (-1°C every cycle), 72 °C for 1 min, 23 

cycles of 95°C for 1 min, 50°C for 1 min, 72 °C for 

1 min, followed by 72°C for 5 min. 

GTR+I+G/ 268 39.1; 48.6 22; 52.4 

686CTR*† TGTCCTTTTCGACCCATGCCT 54.4 HIVb+I+G    

1054 
nuDNA4 

1054CTF*† AGTACGTGGACCTATGGGTATTGG 57.4 95°C for 5 min, 12 cycles of 95°C for 1 min, 60°C 
for 1 min (-1°C every cycle), 72 °C for 1 min, 23 

cycles of 95°C for 1 min, 50°C for 1 min, 72 °C for 

1 min, followed by 72°C for 5 min. 

GTR+I+G/ 429 40.2; 57.0 24; 57.1 
1054CTR*† CCTGGTGGAGTATCATCTACTTTGACA 58.2 JTT+G       

†Designed using Primer3; 1 = Giribet et al., 1996, Whiting et al., 1997; 2 = Whiting et al., 1997, Crandall et al., 2000, Park and O´ Foighil, 2000, 3 = Folmer et al., 1994; * = this study. 



Chapter 6: Dated multilocus bdelloid phylogeny 

111 

 

Phylogenetic analyses 

Nucleotide sequences were used for 18S rDNA, 28S rDNA, and COI mtDNA, and were concatenated 

with amino acid sequences for the protein coding 686 nuDNA, and 1054 nuDNA. This partition 

combination of nucleotide and amino acid alignments was justified by various other iterations 

described in more detail in the Supplementary File S6.1 and S6.2. For example, high GC3 content for 

686 and 1054 (indicate of gene saturation; Table 6.2) and incongruence of these gene trees (the 

reconstruction of which is described in detail below) with the other gene trees indicated that these 

rapidly evolving gene regions (BEAST analyses indicate that they evolve faster than COI) were 

saturated and so were best analysed as amino acids, which are less affected by saturated codon 

positions (typically the third). This partitioning is particularly appropriate for 1054 nuDNA because 

the gene is putatively non-Metazoan in origin (Eyres 2013), which is a likely explanation as to why it 

has the highest codon bias among the five loci. COI nucleotide trees were congruent with the gene 

trees produced by 18S and 28S (Supplementary File S6.1), therefore COI sequences were not 

translated into amino acids. Concatenated analyses of COI, 18S, and 28S are typical of phylogenetic 

analyses for meiofauna (e.g. Jørgensen et al. 2011; Todaro et al. 2011). 

A time calibrated phylogeny was reconstructed using BEAST v1.7.5 (Drummond and Rambaut 2007). 

The priors for the analyses were set using BEAuti v 1.7.5. Evolutionary rates along the branches were 

independent for each of the loci. The evolutionary rate for each locus followed a lognormal relaxed 

clock. The evolutionary rate for COI (1.76% MYR
-1

 [0.66% MYR
-1

 – 95% confidence interval]) and 

18S (0.02% MYR
-1

 [no published confidence interval]), were selected based on Wilke et al. (2009), 

and Ochman (1987) and Bargues et al. (2000), respectively, and estimated for 28S, 686, and 1054 

with a normally distributed sampling regime. The appropriate substitution models defined using 

jModelTest and ProtTest (Table S6.3; Table S6.4) were applied. A birth-death speciation process with 

a random start tree was used for each tree. Four independent runs were conducted with the MCMC 

samples every 1,000 generations for 100,000,000 generations run on the CIPRES Science Gateway 

(Miller et al. 2010). After checking the convergence of these runs using Tracer v1.5.0 (Rambaut and 

Drummond 2009), 10% of each run was removed as burnin, amalgamated using LogCombiner v1.7.5, 

and resampled to provide a total of 40,000 trees (quadruple the recommended minimum). 

TreeAnnotator v1.7.5 was used to summarise a maximum credibility tree with tree node heights kept. 

Monophyly of higher taxa 

To test the monophyly of the higher taxa, we performed four separate BEAST analyses with varying 

levels of topological constraints based on the taxonomy of higher taxa: 1) no taxonomic constraints, 

or 2) sequences belonging to polytypic genera, 3) families, or 4) orders were constrained to be 

monophyletic. The likelihood outputs of each of the four models were compared using Bayes factors 

(Kass and Raftery 1995; Suchard et al. 2005) with the expectation being that if the bdelloid higher 
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taxa were real entities with greater variation among them compared to within them, then the 

constrained tree should not be significantly less likely than the unconstrained tree. Bayes factors are 

the harmonic mean of the likelihood of the posterior, differences among the models are deemed 

strong, very strong, and decisive if the difference between the logarithms of the Bayes factors are 2.3-

3.4, 3.4-4.6, and >4.6, respectively (Kass and Raftery 1995). Bayes factors were computed for every 

pairwise combination of the four models with 1,000 bootstrap replicates within Tracer. 

While model selection with marginal likelihood estimated using harmonic means is known to 

underestimate the marginal posterior probability of the model (Baele et al. 2013), it is computational 

inexpensive. Other methods are available for model comparison (i.e. path sampling or stepping-stone 

sampling) but these are typically prohibitively computationally demanding (Baele et al. 2012) for the 

factorial and inter-model (e.g. unconstrained vs. order-constrained) comparisons performed here. 

Variation among loci 

Various measures were used to compare topological congruency between trees generated using the 

five different loci. The pairwise global topological similarity of each of the 52 trees (2,652 pairwise 

tree combinations) were calculated using Compare2Trees (Nye et al. 2006). Symmetric difference 

(Robinson and Foulds 1981) and branch length distance (Kuhner and Felsenstein 1994) among the 

pairwise tree combinations were computed using the phangorn v1.99-7 (Schliep 2011) package in R 

v2.15.1 (R Core Team 2014). Symmetric distance (or the Robinson-Foulds metric) is the sum of the 

number of internal partitions that exist in one tree but not the other and is negatively related to the 

topological similarity of the two trees. Kuhner and Felsenstein’s branch score is the sum of squares of 

the differences between the branch lengths between the two trees, where an increased score is 

indicative of increasingly incongruent trees. 

Variation among the groups 

To further investigate the reality of the higher taxonomic groupings of the bdelloids, genetic distances 

within and among the groups (genus, family, and order) were compared. The raw genetic distances 

within and among the different taxonomic ranks (genus, family and order) were computed using 

MEGA6 (Tamura et al. 2013) and compared against the average variation across the entire sample. 

Wilcoxon signed-rank tests were used to compare the distribution of raw genetic distances within and 

between the groups.
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Results 

DNA sequence data were obtained for five loci, which ranged in size from 206bp to 2,356bp (Table 

6.1). The final concatenated alignment was 4,886 characters in length. In total 141 new sequences 

were generated for this study, and assembled together with 23 sequences downloaded from GenBank 

(Table 6.1). All of the new sequences were deposited on GenBank (KM043131 - KM043271). The 

coverage of 686 (52.4%) and 1054 (57.1%) is lower than that of COI (97.6%), 18S (92.9%), and 28S 

(90.5%). The average coverage is 78.1% with missing sequence data (in terms of ‘N’s in the 

alignment) averaging 16.9%. Fifteen specimens had complete coverage for all five loci, and missing 

data was typically either 686 or 1054. The final dataset included 42 taxa representing 16 of the 19 

known bdelloid genera, and multiple specimens within each genus for 11 of those. 

Congruence among the phylogenetic methods 

All of these phylogenetic analyses (Fig. 6.2; Fig. S6.2; Fig. S6.3) produce trees with typically high 

support at the tips but lower backbone support; this is particularly true of the maximum likelihood 

analysis (Fig. S6.3), which, outside of placing Mniobia and Didymoactylos as being sister to all other 

bdelloids, had very little backbone support and long branches associated with missing sequence data. 

The most likely Bayesian inferred tree had no topological constraints (Supplementary File S6.1) and 

included nucleotide alignments for noncoding 18S and 28S rDNA, and amino acid alignments for the 

three protein coding loci (COI mtDNA, 686 nuDNA, and 1054 nuDNA). The topological similarity of 

the RAxML and best BEAST tree was 75.5%. 

Figure 6.2 Phylogenetic tree inferred by Bayesian inference with the most likely substitution 

model for each of the five loci and no topological constrains imposed on the model. 

Nodes with a posterior probability value or more than 0.95 are denoted by black circles, nodes with 

more than 0.8 support are denoted with white diamonds, and nodes with more than 0.7 support are 

denoted with white squares. Node support less than 0.7 are not shown. The scale bar represents the 

age (MYR) of the clade. Pictures were adapted from Donner (1965), Segers and Shiel (2005), Birky et 

al. (2011), and Iakovenko et al. (2013). 
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Monophyly of bdelloid higher taxa 

Separate BEAST analyses, partitioning the sequences a priori by genus, family, and order were less 

likely than the unconstrained model (Bayes factors: -172.373, -185.138, and -179.304, respectively; 

Table 6.3). The lower likelihood of the constrained phylogenetic analyses indicates that the majority 

of the sampled bdelloid higher taxa are not monophyletic. High likelihood of genus constrained 

models indicates that genus is a more plausible rank than order, which in turn had more support than 

the family rank (Table 6.3). Analysis of the intra- and interclade raw genetic distances for all the loci 

and for the concatenated alignment revealed large overlaps (Table 6.4; Fig. 6.3), although separate 

analyses revealed that COI and 18S genetic distances within genera are smaller than distances 

between genera (Table 6.4). Separate independent analyses of each locus with missing taxa pruned 

out confirmed much of the taxonomic polyphyly (Supplementary File S6.1), and show that these 

patterns are not an artefact of undersampling. 

Table 6.3 Bayes factor analysis used to compare the likelihood of different phylogenetic 

analyses with four levels of topological constraint based on traditional taxonomic ranks (none, genus, 

family, order). 

Constraint 
Crown 

age 
Height 

Lower 

95% 

HPD 

Upper 

95% 

HPD 

ln P S.E None Genus Family Order 

None 47.13 51.77 42.49 61.08 -28595 ± 0.051 - 127.16 290.86 289.80 

Genus 56.68 53.36 43.93 64.44 -28887 ± 0.155 -127.16 - 163.70 162.64 

Family 27.22 26.75 22.86 30.70 -29264 ± 0.1 -290.86 -163.70 - -1.06 

Order 23.07 26.77 22.93 30.97 -29262 ± 0.099 -289.80 -162.64 1.06 - 

 

Adineta and Rotaria were the two most densely sampled genera in these analyses (eight samples 

each), both of which did not form monophyletic clades. Adineta was forms a paraphyletic clade with 

Bradyscela clauda (the only other representative of the Adinetida order) and Habrotrocha bidens 

nested within it. These analyses confirmed that Adineta vaga, a dustbin taxa, is a polyphyletic clade 

(Fontaneto et al. 2011). The Rotaria samples formed a paraphyletic clade with the Anomopus 

telphusae sample nested within it. The two samples each of Didymodactylos, Dissotrocha, and 

Mniobia grouped together (1, 0.99, and 0.99 posterior probability, respectively), but the remaining 

genera with multiple samples (Abrochtha, Embata, Habrotrocha, Macrotrachela, Philodina, and 

Pleuretra) did not form monophyletic clades and were typically separated by nodes of strong support 

(Fig. 6.2). The deep divergence between the Didymodactylos carnosus samples warrants further 

investigation. None of the bdelloid orders (Adinetida, Philodinavida, and Philodinida) or families 

(Adinetidae, Philodinavidae, Habrotrochidae, and Philodinidae) were monophyletic in any of the 

unconstrained analyses (Fig. 6.2; Fig. S6.2; Fig. S6.3). 
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Figure 6.3 Raw genetic distances within and between genus (no hatch), family (up hatch) and 

order (down hatch) level groups, and among the sequences with no grouping (green). 

The five loci (COI, 18S, 28S, 686, and 1054) and the concatenated alignments were analysed 

separately. Each box represents the distribution of raw genetic distances; median (thick black lines), 

first and third quartiles (box), 1.5 times the interquartile range (whiskers), and outliers (circles) are 

shown. 

Age estimation 

The reduced variation, and potentially saturation (Supplementary File S6.1), from using amino acid 

alignments for the protein coding genes (COI, 686, and 1054) instead of nucleotide alignments, 

resulted in much younger crown age estimates for Bdelloidea (Table S6.8). The overall best supported 

tree (i.e. no constraints and amino acid alignments for the 686 and 1054 amino acid alignments) 

suggested that the bdelloid crown age is 51.8 MYR (95% HPD = 42.5-61.1). Phylogenetic analyses of 

different partitions and analyses with different levels of constraint produced different age estimates 

(Table S6.8).
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Table 6.4 Wilcoxon's signed rank test used to identify differences in raw genetic distance within 

and between taxonomic ranks (genus, family, and order). The five different loci and the concatenated 

alignment were analysed separately. 

Gene Comparison W P 

Concatenated (nucleotide) Genus 15307 0.31 

 Family 605 0.19 

 Order 184 0.31 

COI mtDNA Genus 868 0.01 

 Family 14 0.76 

 Order 5 1.00 

18S rDNA Genus 885 0.00 

 Family 36 0.67 

 Order 5 1.00 

28S rDNA Genus 696 0.15 

 Family 12 1.00 

 Order 5 1.00 

686 nuDNA Genus 135 0.96 

 Family 17 0.34 

 Order 7 0.38 

1054 nuDNA Genus 175 0.05 

 Family 16 0.10 

 Order 5 0.40 
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Discussion 

These are the first multilocus, genus-level molecular phylogenetic analyses for Bdelloidea. The 

analyses included a multilocus sampling regime incorporating five genetic loci, representatives of 16 

of the 19 bdelloid genera, all four families, and all three of the orders. Results from these analyses 

suggest that not all of the bdelloid higher taxa, historically delimited as early as 1777 (Scopoli, 1777 – 

Rotaria) and as recent as 1916 (Milne, 1916 – Didymodactylos, Henoceros, Otostephanos), are 

monophyletic groups. Dating of the phylogeny using evolutionary rates estimated by the best 

supported multilocus BEAST analysis suggests that the bdelloid crown age is 51.8 MYR old (with a 

wide range of 32-98 MYR depending on the phylogenetic analyses), this estimate is older than that of 

the limited fossil record (Poinar and Ricci 1992) and of our previous analysis (where we included 

fewer taxa and only two of the five genes used here – Tang et al. 2014). Combined, these results 

indicate the anciently asexual bdelloids (Flot et al. 2013) have not only persisted for millions of years 

despite tremendous evolutionary pressures (Bell 1982; Butlin 2002; Coyne and Orr 2004), but have 

also diversified, albeit not into higher taxonomic groups recognised consistently with respect to 

morphology. 

Even with low backbone support in the tree, well supported sister taxa relationships (e.g. Abrochtha 

meseloni being sister to Embata laticornis and not Abrochtha sonneborni) indicate that bdelloid 

higher taxa are not monophyletic. The phylogenetic analyses presented here and in the Supplementary 

Files include different phylogenetic methods, different combinations of nucleotide and amino acid 

alignments, various topological constraints and separate loci, indicate that bdelloid higher taxa are not 

evolutionary entities. 

Assuming our data and analyses are correct, we envisage two non-mutually exclusive reasons as to 

why these analyses do not support bdelloid higher taxa: either (1) bdelloid higher taxa, in their current 

form, do not reflect monophyletic clades, and/or (2) the phylogenetic signal among the five loci is 

incongruent and collectively inconclusive. 

(1) The traditional taxonomic groupings were formed by extensive morphological analyses (e.g. 

Donner 1965; Melone and Ricci 1995; Birky et al. 2011), which constitute a difficult undertaking 

confounded by the malleability and plasticity of the telescopic bodies of bdelloid rotifers (Fontaneto 

et al. 2007d). Bdelloid morphological assessments have been based primarily on discrete 

characteristics: orders are historically defined based on mastax and trochi morphology, families are 

defined by a combination of trochi and gut morphology, and genera are defined based of various 

aspects of their foot, integument, teeth, and egg morphologies. 

It remains plausible that aspects of their morphologies are plastic and potentially convergent for 

particular niches. In principle, convergent evolution of different trochi, teeth, and mastax 
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characteristics might result from divergent selection associated with feeding. For example, food 

particle size has been hypothesised as the driving force behind mastax shape and size variation in 

Rotaria (Fontaneto et al. 2007d), while the macrophage Abrochtha carnivora (Ricci et al. 2001) has 

unique trochi characteristics (more minor teeth, more widely separated major teeth, larger trophi, but 

similar body plans) that suit its predatory behaviour. Although, the homogeneity of Philodinida and 

Adinetida trophi structure, despite their different corona shape (fan versus field) and feeding patterns 

(filter versus scraping), and the taxonomic irrelevance of certain trophi characteristics (i.e. the number 

of uncus teeth), is surprising (Melone et al. 1998a). Detailed ultrastructure morphometric analyses of 

bdelloid jaws (e.g. Melone et al. 1998a; Fontaneto et al. 2007c) needs to be combined with meticulous 

observations of their feeding ecology to test whether, across the entirety of Bdelloidea, the evolution 

of the  masticatory apparatus is related to their diet. 

Similarly foot morphology might evolve under selection for specific locomotion plans in specific 

habitats. In principle habitation of ephemeral environments might drive the evolution of more 

powerful foot morphologies. This expectation is contradicted by the fact that most genera live in most 

habitats (Fontaneto et al. 2008a), seemingly unassociated with their morphologies. 

It is likely that there is some degree of unresolved higher taxonomy of bdelloids is associated with the 

use of taxonomically uninformative characteristics, but the convergent evolution of complex 

multifaceted morphologies and ecologies seems unlikely given that phylogenetic constraints are likely 

more stringent in ameiotic asexual organisms. Overarching claims of convergent evolution are 

difficult to test in a group of detritivorous, ubiquitous species, which are seemingly indifferent to 

habitat type, although a thorough, class-wide examination of morphology with ecology is lacking. 

(2) The observed patterns are driven heavily by some of the genes and so the concatenation of all of 

these partitions and their combined analysis might not be representative of the true phylogeny 

(although other studies have argued that congruence among genes is not a requirement for combining 

different partitions - Zanol et al. 2010). Theoretically in asexuals, the entire genome is linked and 

should be inherited as a single unit (Barraclough et al. 2003), but different genomic regions (i.e. 

mitochondria, ribosomes, and the nucleus) are likely under different evolutionary pressures. For 

example, high metabolic rates in the mitochondria could be invoked to explain the faster rate of 

evolution in the COI (Castellana et al. 2011), or the relaxed selection and redundancy of 1054 might 

be a product of its non-Metazoan origin (Eyres 2013). The rapidly evolving genes sampled here 

(particularly 1054 and 686, which had the highest evolutionary rates of 2.36% MYR
-1

 and 6.54% 

MYR
-1

, respectively) might have a higher degree of saturation leading to discordance with the other 

loci. Even still, phylogenetic analyses of each of the different loci (nucleotide or amino acid), with 

varying levels of support, indicate that higher taxa are not monophyletic. 
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For the second explanation additional taxonomic sampling and the addition of more nuclear loci under 

putatively varying levels of selection will aid in confirming or refuting the patterns observed here. 

The primary issue with the phylogeny is the lower support in the backbone. The first half of the tree 

(from the root) has an average node support of 0.88 compared to the second half, which has an 

average node support of 0.97. While ML analyses of the nuclear loci on their own with no missing 

taxa pull out similar sister taxa topologies to the unconstrained concatenated tree, filling in these 

sampling gaps will be necessary to evaluate their effect on the concatenated analysis. The level of 

intrageneric sampling is relatively low and only with the collection of additional species for each of 

the genera will we be able to fully evaluate the monophyly of these taxa. However, Rotaria and 

Adineta, which both have eight representatives, are not monophyletic in any of the six unconstrained 

trees and typically split with strongly supported nodes. It remains to be seen whether the genera 

Ceratotrocha, Henoceros, and Scepanotrocha are monophyletic. 

In explaining the high levels of polyphyly reported here, it might be difficult for phylogenetic 

analyses to pull out monophyletic clades in animals with small body sizes, where there are few 

dedicated taxonomists and the characteristics used to define them might be less informative or 

misleading. Phylogenetic analyses of other meiofaunal animals using similar loci (typically 18S, 28S, 

and COI) have produced mixed results, some are congruent with traditional higher taxa (e.g. annelids 

- Struck and Purschke 2005; gnathostomulids - Sørensen and Giribet 2006), while others have split up 

previously known higher taxa (e.g. gastrotrichs - Littlewood et al. 2000; annelids - Zrzavý et al. 2009; 

tardigrades - Jørgensen et al. 2010; gastrotrichs - Kånneby et al. 2011, Chaetonotidae - 2013; 

gastrotrichs - Todaro et al. 2011; kinorhynchs - Yamasaki et al. 2013). 

Throughout this study we have use point estimates for the substitution rates for both COI and 18S 

instead of a more nebulous estimate incorporating the entire confidence limits surrounding those 

estimates. Here we have used two substitution rate estimates (COI – 1.76% MYR
-1

 and 18S – 0.02% 

MYR
-1

) and estimated the rates of the other genes from the posterior distribution; each undoubtedly 

has a lot of uncertainty surrounding these estimates. While the Wilke et al. (2009) substitution rate 

estimate of COI evolving under a GTR+I+ᴦ model has a 95% confidence interval of 0.66% MYR
-1

 

based on a mean of five Gastropoda (Hellberg and Vacquier 1999; Wilke 2003), Annelida 

(Chevaldonné et al. 2002), and Decapoda datasets (Knowlton and Weigt 1998; Schubart et al. 1998), 

the Ochman and Wilson (1987) 18S estimate has no published error rate. The choice of using point 

estimates of these rates was based on the practicality of simultaneously estimating the phylogeny and 

the rates. Clearly, the age estimates of these phylogenies is inherently affected by the rates that we 

define, and while the error margin of these dates is large, we do not envisage the ancientness of 

bdelloid asexuality being refuted by even the lower estimated substitution rates of these genes. 

Indeed, the youngest age estimate of the bdelloid crown age, including all the various combinations of 

genes and the lower bounds of their 95% highest posterior probabilities, returned a date that is 
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undeniably ancient (7.15 MYR - lower 95% posterior probability of a concatenated dataset with three 

out of five amino acid partitions). Nevertheless, future iterations of this phylogeny will encompass 

broader, more encompassing estimates of the rates at which these genes evolve. 

Additional independent nuclear loci will potentially help resolve the backbone and add further weight 

on to the more recent relationships. We are currently trialling whole genome amplification kits and 

the sequencing of an additional 50 nuclear primer pairs designed from the transcriptomic alignments 

generated by Eyres (2013). Soon we will be able to generate a larger number of independent, 

orthologous reads for each specimen and use these to build upon these foundations. A combined 

molecular morphological approach could improve cohesiveness within higher taxa. These additional 

steps will be necessary to confirm or refute the findings presented here, namely, that bdelloid higher 

taxa are not monophyletic.
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Chapter 7: Discussion 

In this thesis, I have investigated biodiversity patterns in rotifers and what role reproductive mode has 

played in shaping it. Specifically, the thesis has provided more substantiated empirical evidence to 

answer: (1) how can molecular techniques be adopted to better assess rotifer biodiversity, (2) why do 

species exist as discrete entities as opposed to a continuum of forms, and (3) are named bdelloid 

higher taxa monophyletic? Here I will summarise the main findings of the chapters with respect to 

these three questions, explain how they fit in with the current state of scientific theory, and discuss the 

avenues of research they opened up. 

(1) How can molecular techniques be adopted to better assess bdelloid 

biodiversity? 

The first section of this thesis (Chapters 2-4) examined different aspects of the DNA taxonomy 

process and indicates that changing the parameters (i.e. different genes, species delimitation metrics, 

and phylogenetic reconstruction methods) has a significant impact on the final biodiversity estimation. 

These chapters are the largest comparisons for their respective purposes and conclusions drawn 

therein can be used for any DNA taxonomy study, including single-locus and next generation species 

delimitation studies. 

Chapter 2 

The massive underestimation of biodiversity using 18S rDNA in meiofauna morphological species 

estimates diminish its potential for species-level delimitation (Tang et al. 2012). In contrast, species 

delimitation with COI oversplits diversity relative to the, likely conservative, morphospecies estimate. 

The conservativeness of these morphological estimates for meiofauna was already known (Ciros-

Perez 2001; Westheide and Hass-Cordes 2001; Gómez et al. 2002; Blaxter et al. 2004; Suatoni et al. 

2006; Fontaneto et al. 2009; Kaya et al. 2009; Kieneke et al. 2012), so their splitting using COI 

mtDNA was encouraging. Furthermore, this splitting of morphospecies was true irrespective of the 

various species delimitation metrics (nucleotide similarity - Hebert et al. 2003a; K/θ - Birky et al. 

2005; GMYC - Pons et al. 2006; ABGD - Puillandre et al. 2012a) and is congruent with conclusions 

drawn from crossing experiments (Schröder and Walsh 2007). Although the investigation focussed on 

meiofaunal lineages, 5 of the 10 phyla include large-bodied representatives. Conclusions drawn from 

the Chapter 2 are broad and applicable to larger organisms, indeed Tang et al (2012) has helped 

studies of taxa ranging from amphipods (Weiss et al. 2014) to Collembola (Cicconardi et al. 2013). 

The investigation promotes COI, over 18S, for use with next generation sequencing (NGS) 

biosurveys, which are growing in popularity (Creer et al. 2010; Fonseca et al. 2010; Bik et al. 2012a). 

What NGS technology can do for biodiversity research is equivalent to what microscopes did for 
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microbiology. The smaller scale fauna that are so quintessential for much of the Earth’s natural 

processes, which have been relatively neglected due to a technological bottleneck associated with 

their size, are now accessible via their molecules (Taberlet et al. 2012; Yoccoz 2012). So far, most 

NGS studies have used 18S to assess species-level diversity (Creer et al. 2010; Fonseca et al. 2010; 

Bik et al. 2012c; Creer and Sinniger 2012; Chariton et al. 2014) owing to the fact that 18S has a 

longer history of use with whole community surveys, has highly conserved regions with which 

primers can be designed across a wide range of taxa, and variable regions with which to delineate 

taxa. An independent performance comparison of 18S rDNA, 16S mtDNA, and COI mtDNA, using 

actual NGS technologies instead of the Sanger technologies used in this thesis, is congruent with the 

conclusion that 18S has low resolution at lower taxonomic scales (Zhan et al. 2014). Given that biotic 

interactions act at or below the species-level, the underestimation of species level diversity using this 

gene will likely limit what we can conclude about the composition and evolution of communities and 

how these taxa interact ecologically. To date, the study has been cited 33 times and used to justify 

gene (e.g. Cicconardi et al. 2013; Casu et al. 2014; Chariton et al. 2014; Weiss et al. 2014) and species 

delimitation method choice (e.g. Birky 2013; Fujisawa and Barraclough 2013; Leasi et al. 2013) in 

DNA taxonomy studies, or used for particular methods used in the paper (e.g. Fontaneto 2014; Tang 

et al. 2014b). Of these investigations most have been traditional, targeted DNA taxonomy studies or 

have adopted NGS technology. 

What is the future of COI and metabarcoding? 

There is already a huge foundation for COI-based taxonomy (i.e. BOLD - Ratnasingham and Hebert 

2007) as COI is the most widely used marker for first generation DNA taxonomy. If species-level, 

and not higher taxa, biodiversity is the primary goal of metabarcoding surveys, then a broader 

evaluation of COI primer sets is required, perhaps redesigned primers (e.g. Geller et al. 2013; Leray et 

al. 2013), primer cocktails (e.g. Prosser et al. 2013b), or lineage specific primers (e.g. Robeson et al. 

2009; Prosser et al. 2013a). Approaches such as those adopted by Yu et al. (2012), where 

communities of known composition and abundances are used to evaluate primers, would be a good 

start. As yet the efficacy of robust COI primer sets for metabarcoding surveys is unknown, but the 

potential benefits of this combined approach are huge. 

Two alternatives to this pipeline include the design of case-specific primers for PCR-based NGS 

using aligned genomes (ecoPrimers - Riaz et al. 2011), or PCR-free methods (Fig. 7.1; Zhou et al. 

2013). The future of NGS metabarcoding of bulk samples is likely a PCR-free pipeline (Zhou et al. 

2013). Instead of the bulk pyrosequencing and OTU clustering of PCR amplified markers, the PCR-

free method consists of mitochondrial enrichment followed by Illumina shotgun sequencing and gene 

annotation. This provides an abundance of longer COI barcodes, proportional to the biomass of the 

constituents of the bulk sample (allowing for rough abundance measures), with a vastly reduced false 

positive rate, and which can be used for DNA barcoding or DNA taxonomy. Moreover, the longer 
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spans of mtDNA can be used to design more robust and effective COI primers. However, this PCR-

free pipeline is still in its infancy and requires the methodological improvements for the assessing of 

more diverse communities (Zhou et al. 2013). 

Assessing biodiversity using single locus approaches does have its limitations (as discussed in the 

Chapter 1), for example, results based on a single locus (e.g. COI) will not be representative of the 

evolution of those species if the focal gene is incongruent with other loci and the species phylogeny 

(Sota and Vogler 2001; Rubinoff 2006; Rubinoff et al. 2006) - the likelihood is that one gene does not 

fit all (Moritz and Cicero 2004). Species delimitation, using targeted sampling approaches or bulk 

sampling regimes, is going to adopt multiple loci from different genomic backgrounds (different 

organelles such as nuclear, mitochondrial, chloroplast, ribosomal genes) or whole genomes. The 

amalgamation of data from different sources, by dampening the potential biases inherent in few, will 

lead to more reliable and accurate definitions of the species boundary. Progress towards these 

multigene approaches are currently limited by the current technologies and theoretical models, 

although advances in both are ongoing (e.g. Cummings et al. 2008; Yang and Rannala 2010; Zhou et 

al. 2013). Until these systems are in place, choosing which genetic markers to use for biosurveys will 

be an important decision that needs to be justified. 

Chapter 3 

Chapter 3 was an investigation of how robust two coalescent-based (phylogenetic) species 

delimitation metrics (GMYC - Pons et al. 2006; PTP - Zhang et al. 2013) were to different 

phylogenetic reconstruction methods, and thus provided recommendations for which phylogenetic 

methods to use for each metric. Combined, these methods have been used to delimit species in over 

150 studies, but rarely are the phylogenetic reconstruction methods justified (although see Talavera et 

al. 2013). I found that the choice in phylogenetic method as well as the species delimitation metric 

strongly affected the observed diversity but that diversity estimated using the GMYC and BEAST 

trees, or the PTP with RAxML trees were robust relative to morphological species estimates and the 

average molecular estimates. 

This is one of two investigations into the effect of phylogenetic reconstruction methods on species 

delimitation (the other being an assessment of phylogenetic method choice on the GMYC model - 

Talavera et al. 2013), and is by far the most comprehensive in terms of phylogenetic methods, species 

delimitation metrics, and taxonomic groups used. It provides strong justification for choice in 

phylogenetic methods used for these types of studies and is timely given the recent release of the PTP 

method. 
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Figure 7.1 Schematic pipelines for both conventional PCR-based and PCR-free NGS 

metabarcoding. 

Grey boxes indicate novel findings/suggestions from this thesis. Adapted from Zhou et al. (2013).
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Can coalescent-based species delimitation be used for metabarcoding? 

Metabarcoding approaches produce so much data that the bottleneck in biodiversity surveys is in the 

bioinformatics rather than the sequencing, as such species are typically clustered by relatively 

computationally inexpensive methods such as nucleotide similarity (QIIME - Caporaso et al. 2010; 

OCTUPUS – available from http://octupus.sourceforge.net/; AmpliconNoise - Quince et al. 2011) or 

phylogenetic placement (pplacer - Matsen et al. 2010). Despite showing that nucleotide similarity 

producing similar levels of diversity compared to more evolutionary robust methods (e.g. GMYC, K/θ 

- Tang et al. 2012), the thresholds used are arbitrary and without evolutionary grounding. The 

adoption of coalescent-based species delimitation methods (e.g. GMYC - Pons et al. 2006; PTP - 

Zhang et al. 2013; Fig. 7.1) for larger scale analyses has huge potential (Barraclough et al. 2009). 

Still, the computational expense of this process (either building phylogenies or delimiting clusters) is 

the main reason as to why these methods are not more widely used (Zhang et al. 2013). A 

collaborative effort is currently underway to find a means to delimit coalescent groups from NGS 

derived datasets (i.e. a pipeline that delimits GMYC or PTP ESUs from NGS data). The aim is to 

provide an automated pipeline that takes sequences (NGS or Sanger) and provides units of diversity 

grounded in evolutionary theory. 

Chapter 4 

Chapter 4 is an investigation into how successfully rotifers, delimited by traditional or molecular 

means, can be identified by DNA barcoding. The greater identification success of dustbin taxa so 

prevalent in Rotifera and of sexual monogonont rotifers compared to the asexual bdelloid rotifers 

suggests two things: (1) poor taxonomy can artificially inflate the success of DNA barcoding studies, 

and (2) the properties of sexual taxa might make them more amenable to DNA barcoding 

(investigated further in Chapter 5). Furthermore, no study has looked at identification success of DNA 

barcoding with ESUs as the base unit of diversity, which might become more prevalent given the 

taxonomic crisis (i.e. the paucity of traditional taxonomists and the prevalence of inaccessible, cryptic 

diversity). 

These three chapters culminate in guidelines that could be used to obtain better species hypotheses in 

the absence of or in addition to other informative morphological, ecological, and behavioural 

characteristics. In summary, the use of either the GMYC model with BEAST trees or the PTP with 

RAxML trees reconstructed using cytochrome oxidase c subunit 1 (COI) mtDNA will provide 

putative species estimates that are better than traditional estimates based on rotifer morphology, 

grounded in evolutionary theory, and under a single species concept. We are in the midst of a 

taxonomic crisis (Blaxter 2003); while the number of taxonomists and species descriptions may be on 

the rise in more charismatic groups (Joppa et al. 2011), for poorly known groups the pattern is 

reversed (Gaston and May 1992; Godfray 2002). The promise of DNA taxonomy, particularly with 
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NGS, yields an opportunity to build an extensive foundation with which a broad taxonomic 

assessment can be made for lesser studied groups (e.g. Blaxter et al. 2004). 

The immediate impact of Chapters 2-4 was the justification of DNA taxonomy methods necessary for 

delimiting comparable units of diversity for use in Chapter 5. The taxonomy of rotifers is poorly 

known, and the different reproductive modes of bdelloid and monogonont rotifers make them 

incomparable under the biological species concept (Mayr 1942; de Queiroz 2005b). Using robust 

DNA taxonomy methods outlined and tested in Chapters 2-4, both bdelloid and monogononts 

evolutionary significant units of biodiversity can be compared under the same evolutionary genetic 

species concept (Simpson 1951; Birky et al. 2005; De Queiroz 2007), while also circumventing the 

unresolved taxonomy of both groups. 

(2) Why do species exist as discrete entities as opposed to a continuum of forms? 

Chapter 5 

Chapter 5 provides empirical evidence to answer one of the most neglected and important questions 

about speciation: “Why are there species?” (Coyne and Orr 2004), specifically, why do species exist 

as discrete clusters rather than a continuum of morphological, ecological, and genetic forms? By 

comparing sexual and asexual rotifers, one can tease apart sex-centric and ecological theories 

(Maynard Smith and Száthmary 1995; Coyne and Orr 2004). The previous assessments of this 

question using rotifers (Holman 1987; Fontaneto et al. 2007c) lacked sampling regimes that could 

adequately address this question (Coyne and Orr 2004), used diversity estimates that were not 

comparable between asexual bdelloid and sexual monogonont rotifers (De Queiroz 2007), and were 

confounded by different degrees of taxonomic effort between the groups (Fontaneto et al. 2007c). Our 

analysis follows a method proposed by Barraclough and Herniou (2003), and provides the best 

empirical evidence to date in answering this conundrum, that sex is a predominant driver of species 

discreteness. 

I assessed the degree of discreteness in asexual bdelloid and sexual monogonont rotifers, and analysed 

how differences related to their reproductive mode, degree of sampling, and their ecology. The results 

suggest that sexual species are separated by larger gaps than in asexual species in rotifers (Tang et al. 

2014b), a conclusion preferred over the sampling or ecological explanations. Analysis of their 

diversification rates indicate that asexual bdelloids have speciated at a faster rate than the sexual 

monogononts (Felsenstein 1981) and not an age artefact (Neiman et al. 2009). Combined, I proposed 

that the faster diversification in asexual bdelloid rotifers results in the smaller observed genetic gaps. 

This study provides the best evidence for a long standing question in speciation biology: “why are 

there species?” (Maynard Smith and Száthmary 1995; Coyne and Orr 2004). 
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Does a targeted sampling regime, rather than an opportunistic one, confirm sex as a primary 

driver for discreteness of species clusters? 

While the observed differences in genetic and phylogenetic clustering are striking, they are 

conclusions drawn from a single locus (Tang et al. 2014b). COI was chosen opportunistically given 

the breadth and depth of sampling available on GenBank but it remains to be seen whether these 

patterns are congruent with other loci and morphologies. Furthermore, despite efforts to disentangle 

the effects of sampling, ecology, and reproductive mode on species discreteness, the findings are still 

confounded by alternative hypotheses that are only resolvable with a carefully designed sampling 

regime. It would be an enormous undertaking to produce a level of taxonomic sampling similar to 

those reported in Chapter 5, but might be feasible with NGS. Metabarcoding bulk samples of 

sympatric bdelloid and monogonont species using specific primers might alleviate the confounding 

issues regarding ecological differences. The claim that sex is the predominant driver of species 

discreteness can only really be fully justified once the confounding factors are ruled out, but until then 

this chapter provides the most substantiated answer as to why species are discrete. 

(3) Are named bdelloid higher taxa monophyletic? 

Chapter 6 

Chapter 6 is the first multilocus phylogeny for the group and indicates that bdelloid higher taxa 

(genera, families, and orders) are rife with polyphyly and that traditional taxonomic relationships (e.g. 

Melone et al. 1998b) are not supported. Furthermore, an up to date age estimate for bdelloid rotifers, 

combined with the monophyly concluded from Chapter 5 (Tang et al. 2014b), suggests that bdelloids 

have been anciently asexual for 51.8 MYR (95% HPD = 42.5-61.1). This age varies with phylogenetic 

methods, but the range is mostly consistent with the minimum age estimated from the fossil record 

(Waggoner and Poinar 1993). This investigation is the foundation for a larger scale investigation of 

the taxonomic relationships within Bdelloidea. 

Will additional loci and samples provide better backbone support and more agreement with 

traditional taxonomy? 

This phylogeny is confounded by incomplete sampling for the nuclear loci, and perhaps by 

incongruences between loci. Currently, the limit for phylogenetic analyses with rotifers, or indeed 

meiofauna, is the sequencing of multiple independent nuclear loci. However, more than 350 primer 

pairs have been designed using transcriptomic data from Eyres (2013), of these, only two were used 

for the phylogeny. The sequencing of additional loci was limited by the amount of starting template 

available for each individual rotifer. Rotifers are eutelic, and thus the number of cells (900-1,000) 

remains constant throughout the life cycle of the rotifer (Gilbert 1983), and so the amplification of 

specific loci is often difficult. Preliminary results suggest whole amplification kits can be used to 

produce copious amount of genomic DNA with which to PCR. The next stage of this phylogenetic 
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project would be to sequence many more loci for each individual, but also to add more samples 

(bdelloid and monogonont). To this end, there exists a network of bdelloid taxonomists (i.e. Carl 

William Birky Jr., Diego Fontaneto, Nataliia Iakovenko, and Chris Wilson) who can provide genetic 

material for a much greater sample of rotifer diversity. 

Overall conclusion 

This thesis provides a robust analysis of factors that affect species delimitation and as such provides 

recommendations for the practise. I also suggest that sex is the predominant driver of species 

discreteness, at least in rotifers. Lastly, the phylogeny is the broadest sample ever used for a bdelloid 

phylogeny. Together these chapters show how molecular approaches can transform understanding of 

diversity and evolution in a challenging study clade.
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Supplementary Files 

Chapter 2: Supplementary Materials and Methods 

DNA extraction 

DNA was extracted from individual animals; these were isolated into sterile tubes, and 40µl of Chelex 

(InstaGene Matrix; Bio-Rad, http://www.bio-rad.com) was added to each sample. Sample mixtures 

were vortexed for a minimum of 5 seconds each and heated as per the manufacturer’s protocol (56°C 

for 20 minutes followed by 96°C for 20 minutes), but then stored at -20°C overnight and heated at 

56°C for 20 minutes followed by 96°C for 20 minutes. The suspended DNA was directly used in 

subsequent PCR amplification.  

DNA amplification 

PCRs were performed in a total volume of 25µl using the illustra Ready-To-Go
TM

 RT-PCR Beads 

(GE Healthcare); 2µl of each primer (10mM), 2µl of DNA (10-50ng) and ddH20 up to 25µl.  

COI was amplified using optimised Folmer primers Hcox1 (5'-GGT CAA CAA ATC ATA AAG 

ATA TTG G-3') and Lcox1 (5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3').  Cycle 

conditions comprised initial denaturing at 95°C for 5 minutes, followed by 35 cycles of 95°C for 1 

minute, 46.4°C for 1 minute and 72°C for 90 seconds, and a final extension step of 72°C for 5 

minutes. Nested PCRs were performed where necessary using the primers COIrot (5’-ATT ATT CGT 

ACT GAR TTA GG-3’) and COICT1R (5'-TAM ACT TCY GGA TGM CCR AAR AAT CA-3') and 

the same cycle conditions but for only 25 cycles.  

18S rRNA was amplified using a nested approach; the total fragment was amplified using 18SFnew 

(5’-AGA TTA AGC CAT GCA TGT CT-3’) and 9R (5’-GAT CCT TCC GCA GGT TCA CCT AC-

3’). Cycle conditions comprised initial denaturing at 95°C for 5 minutes, followed by 38 cycles of 

95°C for 1 minute, 55°C for 1 minute and 72°C for 2 minutes and a final extension step of 72°C for 

10 minutes. Three nested PCRs were performed using these primer pairs: 18SFnew (5’-AGA TTA 

AGC CAT GCA TGT CT-3’) – 4R (5’-GAA TTA CCG CGG CTG CTG G-3’), 18SCT1 (5’-TGG 

AGG GCA AGT CTG GTG CCA GC-3’) – 18Sbi (5’-GAG TCT CGT TCG TTA TCG GA-3’), and 

18Sa2.0 (5’-ATG GTT GCA AAG CTG AAA C-3’) – 9R (5’-GAT CCT TCC GCA GGT TCA CCT 

AC-3’). The nested PCR cycle conditions comprised of an initial denaturation step of 95°C for 5 

minutes, followed by 25 cycles of 95°C for 1 minute, 55°C for 1 minute and 72°C for 1 minutes, and 

a final extension step of 72°C for 5 minutes. 

All PCR amplicons were purified and concentrated using Illustra GFX
TM

 PCR DNA and Gel band 

purification kit as per manufacturer’s protocol with a final volume ranging from 10µl to 20µl 

depending on the concentration of the amplicon. Cycle sequencing reactions were set up using 
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purified amplicons, 1:10 of the PCR primers and the ABI Big Dye Terminator v1.1 kit and run on an 

ABI 3770 automated sequencer. The sequences were checked and assembled by eye using Geneious 

Pro 5.4.2 (Drummond et al. 2006). 

Phylogenetic analysis 

Sequences were collapsed into unique types using DnaSP (Librado and Rozas 2009) and aligned 

using MAFFT (Katoh et al. 2009) with the default settings, followed by checking and manual editing 

in Geneious Pro 5.4.2 (Drummond et al. 2006). A matrix of pairwise uncorrected distances was 

generated using the package ape 2.8 (Paradis et al. 2004) in R 2.14.0 (R Core Team 2014). Maximum 

likelihood trees were constructed using PhyML 3.0 (Guindon et al. 2010) using the default settings 

with the best evolutionary model as determined using jModeltest (Posada 2009) and a suitable 

outgroup (Table S2.1). Gene trees were made ultrametric using penalized likelihood in r8s 1.71 

(Sanderson 2003), where cross-validation analysis was performed to identify the best level of 

smoothing. 

Nucleotide divergence threshold script for delimiting species 

align<-read.dna("alignment.phy") 

seq.dist<-dist.dna(align,model="raw",as.matrix=TRUE) 

#Set the nucleotide divergence threshold (97%=0.03, 99%=0.01, 

#99.5%=0.005) 

threshold<-0.03 

num.tips<-length(seq.dist[1,]) 

groups<-array(NA,num.tips) 

k<-1 

for (i in (1:num.tips)){ 

  match<-which(seq.dist[i,]<=threshold) 

  if(length(match)==1){ 

    groups[match]<-k 

    k<-k+1 

    next} 

  x<-is.na(groups[match]) 

  if(prod(x)==0){ 

    groups[match]<-unique(groups[match[!x]])} 

  else{ 

    groups[match]<-k 

    k<-k+1} 

} 

#How many species? 

max(groups)
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Figure S2.1 Species estimated from DNA taxonomy compared to morphological taxonomy 

(dotted line) for taxa where COI (blue) and 18S (red) were amplified from the same individuals. 

Estimates were averaged across the different delimitation metrics. Standard errors are given where 

there was variation among the different metric estimates. 

 

Figure S2.2 Equivalence of species estimates inferred using different delimitation metrics with 

either COI (a) or 18S (b). 

All values are logged and relative to the morphological estimates (dotted line at y=0). Statistically 

significant differences are indicated by different letters above the bars (for details see Table S2.3). 

The K/θ method is not applicable for diploid 18S and is therefore not included.
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Table S2.1 Results of species delimitation analyses. 
Found on the attached CD, or available upon request. 

 

Table S2.2 ANOVA output of a model explaining the congruence of species estimation among 

delimitation metrics (using coefficient of variance as a proxy for congruence), using a measure of 

sampling effort (number of countries), taxonomic rank, and their interaction. 

Factor D.F. Sum Sq. Mean Sq. F value P % var. 

All data       

Gene 1 23664 23664 14.79 0.00035 18.7 

Sampling 1 14425 14424.9 9.02 0.0042 11.4 

Tax. 2 9597 4798.4 3 0.059 7.6 

Sampling x Tax. 2 2035 1017.3 0.64 0.53 1.6 

Residuals 48 76778 1599.5    

COI mtDNA       

Sampling  1 74.3 74.3 0.086 0.77 0.3 

Tax. 2 731.8 365.9 0.43 0.66 3.2 

Sampling x Tax. 2 613.8 306.9 0.36 0.7 2.7 

Residuals 25 21534 861.4    

18S rDNA       

Sampling 1 20475 20474.5 16.75 0.00068 25.6 

Tax. 2 24488 12243.9 10.02 0.00121 30.7 

Sampling x Tax. 2 12917 6458.4 5.28 0.016 16.2 

Residuals 18 22001 1222.3       

% var. = amount of the variance explained by the factor, Tax. = taxonomic rank,  

Sampling = sampling (number of sequences). 

 

Table S2.3 Tukey HSD comparisons of delimitation metric species estimates for COI and 18S. 

Comparison Diff. in means Lower Upper P 

COI mtDNA     

   K/θ-ABGD 1.01 0.12 1.9 0.019 

   GMYC-ABGD 1.08 0.19 1.97 0.01 

   97%-ABGD 0.99 0.1 1.88 0.023 

   GMYC-K/θ 0.071 -0.82 0.96 1 

   97%-K/θ -0.023 -0.91 0.87 1 

   97%-GMYC -0.093 -0.98 0.8 0.99 

18S rDNA     

   GMYC-ABGD -0.4 -1.33 0.53 0.56 

   97%-ABGD 0.59 -0.34 1.51 0.29 

   97%-GMYC 0.99 0.057 1.91 0.035 
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Table S2.4 ANOVA used to explain differences in DNA/morph ratios using a subset  

of taxonomically certified sequences. 

Factor Sum Sq. D.F. F value P % var. 

Gene 290.0 1 311.70 2.2e
-16

 53.1 

Metric 12.6 3 4.51 0.0047 4.9 

Tax. 63.1 2 33.91 9.76e
-13

 25.9 

Sampling 38.4 1 41.25 1.95e
-9

 21.2 

Metric x Tax. 2.8 6 0.51 0.8 2.0 

Metric x Sampling 9.4 3 3.37 0.02 6.7 

Residuals 130.3 140       

% var. = amount of the variance explained by the factor,  

Tax. = taxonomic rank, Sampling = sampling (number of sequences). 

 

Table S2.5 ANOVA used to explain DNA/morph ratio (COI and 18S analyzed separately, using 

a subset of taxonomically certified sequences). 

 
D.F. Sum Sq. Mean Sq. F value P % var. 

COI mtDNA       

   Metric 3 27.0 9.0 10.44 8.77e
-6

 15.4 

   Tax. 2 37.5 18.8 21.77 4.03e
-8

 25.3 

   Country 1 15.5 15.5 17.94 6.64e
-5

 13.3 

   Undersampling 1 0.1 0.1 0.07 0.79 0.0 

   Metric x Tax. 6 2.8 0.5 0.53 0.78 2.1 

   Tax. x Country 2 1.9 1.0 1.10 0.34 1.4 

   Metric x Undersampling 3 10.0 3.3 3.88 0.013 5.9 

   Tax. x Undersampling 2 1.8 0.9 1.05 0.36 1.1 

   Country x Undersampling 1 0.2 0.2 0.18 0.67 0.1 

   Metric x Tax. x Undersampling 4 10.8 2.7 3.12 0.020 6.8 

   Tax. x Country x Undersampling 1 5.6 5.6 6.47 0.013 3.8 

   Residuals 72 62.1 0.9    

18S rDNA       

   Metric 2 5.8 2.9 4.16 0.021 7.3 

   Tax. 2 32.2 16.1 22.94 9.29e
-8

 43.3 

   Country 1 0.8 0.8 1.19 0.28 2.0 

   Metric x Country 2 7.0 3.5 4.98 0.011 16.9 

   Residuals 49 34.4 0.7       

% var. = amount of the variance explained by the factor, Tax. = taxonomic rank.
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Table S2.6 Differences between bdelloid and monogonont rotifers with respect to genetic distance assessed across all three taxonomic ranks (species 

complex, genus, higher taxon) using an unpaired Mann-Whitney U test. 

Comparison W 
Bdelloidea Monogononta Difference  

in mean 
P 

Mean S.E. N Mean S.E. N 

Within species genetic distance* 32 0.0106 0.00102 9 0.0131 0.00172 11 0.0025 0.20 

Between species genetic distance† 12 0.124 0.00825 NA 0.175 0.0275 NA 0.051 0.088 

N = sample size, S.E. = standard error, *Genetic distances calculated as the mean of all the pairwise distance within a clade, 

†Genetic distances calculated as the mean of all the pairwise distance between pairs of clades. 

 

Table S2.7 ANOVA used to explain differences in DNA/morph ratios with asexual taxa excluded. 

Factor Sum Sq. D.F. F value P % var. 

Gene 195.1 1 100.89 <2.2e
-16

 21.71 

Metric 71.5 3 12.33 2.32e
-7

 7.96 

Tax. 289.9 2 74.95 <2.2e
-16

 35.25 

Residuals 342.3 177    

% var. = amount of the variance explained by the factor, 

Tax. = taxonomic rank. 
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Chapter 3: Supplementary Materials and Methods 

Gene trees are required by both the GMYC and PTP models. Ultrametric trees are needed for the 

GMYC model (Pons et al. 2006; Fujisawa and Barraclough 2013) as it analyses branching rates, while 

the PTP delimits species from the number of substitutions inferred from “raw” (unsmoothed) or 

ultrametric trees (Zhang et al. 2013). Tree reconstruction followed these steps (outlined in Fig. S3.1): 

(1) align sequences, (2) remove non-unique haplotypes, (3) reconstruct gene trees, and (4) make 

ultrametric gene trees. 

Obtaining gene trees 

(1) Sequence alignment 

Cytochrome oxidase c subunit 1 (COI) sequences were downloaded from GenBank (except for the 

cowrie dataset, which was provided by Christopher P. Meyer) and aligned with carefully selected 

outgroups (Table S3.3) using the MAFFT v6.814b plugin (Katoh et al. 2009) with the default settings 

within Geneious 5.4.6 (Drummond et al. 2006). Alignments were subsequently checked by eye and 

atypically short sequences (100bp shorter than all the others) were removed. Translation of the 

alignments (using the Invertebrate Mitochondrial Code) was used as an additional check of their 

validity. No indels, NUMTS or stop codons were found in any of the alignments. In total 10,244 

sequences were obtained and aligned into 16 separate datasets representing different taxonomic ranks. 

The butterfly dataset was a comprehensive geographical sample (Romania) of an order (Lepidoptera; 

Dinca et al. 2011), the cowrie dataset was a comprehensive sample of a family (Cypraeidae; Meyer 

and Paulay 2005) and the remaining datasets were samples of genera with the exception of Pleuretra 

lineata, which is a species complex. 

(2) Removal of non-unique haplotypes 

The alignments were stripped of non-unique haplotypes using DnaSP 5.10.01 (Librado and Rozas 

2009), resulting in 3,190 unique haplotypes. Non-unique haplotypes were removed as the GMYC 

model assumes a fully bifurcating tree and zero length terminal branches hamper the likelihood 

estimation (Fujisawa and Barraclough 2013). Collapsing datasets is typically the first step in tree 

based species delimitation analyses and does not significantly affect the outcome of the GMYC 

analysis (Talavera et al. 2013). Performing this step before both GMYC and PTP analyses allowed for 

direct comparisons between the methods at reduced computation expense. 

(3) Reconstruction of gene trees 

Haplotype alignments were used to generate gene trees using distance, maximum likelihood (ML) and 

Bayesian inference (BI) methods. For each haplotype alignment, 10 trees were reconstructed using 

different methods with the most commonly used software. Distance trees were reconstructed using 

Neighbour Joining (NJ; Saitou and Nei 1987) and UPGMA (Un-weighted Pair Group Method with 
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Arithmetic mean; Sokal and Michener 1958). NJ trees were generated using the ape 3.0.7 package 

(Paradis et al. 2004) in R 2.15.2 (R Core Team 2014) from sequence distance matrices computed by 

the Kimura (K80 or K2P) model (Kimura 1980). UPGMA distance trees were built with MEGA5 

(Tamura et al. 2011) using p-distances instead of a model of evolution. For the ML and BI methods, 

gene trees were reconstructed using the best model of evolution as determined a priori using the 

lowest Akaike Information Criterion (AIC computed in jModelTest 2 - Darriba et al. 2012; Table 

S3.3). ML gene trees were reconstructed using GARLI 2.01 (Zwickl 2006), PhyML 3.0 (Guindon et 

al. 2010) and RAxML (Stamatakis 2006). GARLI trees were reconstructed with the evolutionary 

models with the lowest AIC score and 5,000,000 generations. All PhyML trees were generated using 

the ATGC online server. For each analysis, the appropriate evolutionary model was selected with 

optimised equilibrium frequencies and optimal trees were searched for using the combined nearest 

neighbour and subtree pruning and regrafting tree rearrangement option (available in PhyML 3.0), but 

otherwise default settings were used. RAxML trees were generated using either the RAxML 

BlackBox webserver (Stamatakis 2006; Stamatakis et al. 2008) or using the CIPRES Science 

Gateway server (Miller et al. 2010) with a Gamma model of rate heterogeneity, maximum likelihood 

model search and an estimated proportion of invariable sites. 

BI trees were reconstructed using MrBayes 3.2.1 (Huelsenbeck and Ronquist 2001; Ronquist et al. 

2012) and BEAST v1.7.5 (Drummond and Rambaut 2007). MrBayes analyses were run for 

10,000,000 generations with four parallel searches sampling every 500 generations. Consensus trees 

were generated using the sumt command with a 10% burnin, but only if the average standard 

deviation of the chains was less than 0.01 (as recommended in the MrBayes documentation). Four 

separate BEAST runs, with different parameters, were performed for each clade. BEAST input files 

were generated using BEAUti v1.7.5, each search ran with a substitution rate of 1.76% per million 

years, the most accepted rate for most invertebrates (Wilke et al. 2009) under either an uncorrelated 

lognormal relaxed molecular clock or a strict molecular clock and either a ‘Speciation: Birth-Death 

Process’ (Gernhard 2008) or a ‘Coalescent’ tree prior. Each dataset was run for at least 30,000,000 

generations sampling every 1,000 steps on the CIPRES Science Gateway server. All of the other 

options were kept as the BEAUti default settings. The effective sample size (ESS) of each run was 

determined using Tracer v1.5 (Rambaut and Drummond 2009) and only trees with an ESS of at least 

200 were kept (as recommended in the BEAST manual). Initially low ESS scores for some runs were 

resolved by increasing the number of generations of MCMC sampling. The burnin was set to 10% and 

TreeAnnotator v1.6.1 was used to summarise the trees to give a maximum clade credibility tree with 

target node heights. 

(4) Make ultrametric gene trees 

Ultrametric trees are the required input for the GMYC model as branch lengths need to convey time; 

although not required by the PTP, ultrametric trees were also analysed using the PTP for a direct 
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comparison. Of the ten gene trees produced for each clade, five were ultrametric by default (the four 

BEAST combinations and UPGMA), while the remaining five (MrBayes, GARLI, PhyML, RAxML 

and NJ) were smoothed using four different methods (r8s - Sanderson 2003; the ape functions: 

chronopl and chronos - Paradis et al. 2004; and PATHd8 - Britton et al. 2007). These four branch 

smoothing methods were used independently on each raw gene tree to generate ultrametric input 

trees; this totalled 20 trees per clade. The r8s software was used to perform nonparametric branch 

smoothing (NPRS). This method smoothes rate changes among lineages while penalising fast rate 

changes from mother to daughter. The level of smoothing was optimised using a cross validation 

procedure. PATHd8 uses mean path length to smooth substitution rates between sister groups by 

sequentially averaging path lengths from an internode to all the descending terminals. The R package 

ape has two branch smoothing functions: chronopl (semi-parametric penalised likelihood) and 

chronos (an update of chronopl). For each of these functions a smoothing parameter, lambda (λ), 

needs to be set. Lambda controls the trade-off between branches having their own rate (λ → 0) and 

minimising rate changes between connecting branches (λ → 1). Rates vary more among branches as λ 

tends towards zero, while the variation among branches is more clock-like as λ tends towards one. For 

all analyses, λ was set to 1 as varying λ did not consistently affect the numbers of ESUs obtained 

(Supplementary File S2). 

Species delimitation 

Outgroup taxa were pruned from each tree before species delimitation analysis. For each dataset, the 

ten raw gene trees produced in (3) and the 20 additional smoothed trees produced in (4) were analysed 

with the PTP method (n = 30). The five ultrametric trees (BEAST and UPGMA) produced in (3) and 

the 20 additional smoothed trees produced in (4) were analysed with the GMYC method (n = 25). The 

GMYC and PTP methods delimit species defined as independently evolving, monophyletic units (an 

operational version of the Evolutionary Species Concept, Simpson 1951). Both methods model 

species- and population-level processes, separately, and identify a transition point between the two; 

this threshold is subsequently used to delimit ESUs.  

Generalized Mixed Yule Coalescent model 

The GMYC takes advantage of the pattern expected if species have been evolving independently for a 

sufficiently long period of time, namely distinct genetic clusters separated in genospace by long 

internal branches (Barraclough and Nee 2001). An ultrametric gene tree (where branch lengths are 

equivalent or relative to time) well-sampled for both intra- and interspecific variation will bifurcate in 

a predictable manner: species-level processes will lead to slower branching rates while population-

level coalescent processes will exhibit accelerated branching patterns. It follows that there should be a 

transition in branching rate on a tree between species level processes (e.g. speciation and extinction) 

and population level processes (coalescence of alleles). The GMYC is a likelihood-based method that 
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models the branching rate of both diversification between species (Yule model - Yule 1925; Nee et al. 

1994) and genealogical branching within populations (neutral coalescent - Hudson 1990) to identify 

from the data whether there is a significant shift (threshold) in branching rate. A Χ
2
 test is performed 

to gauge the significance of the application of the GMYC against the null hypothesis of a single 

coalescent with one branching rate. If significant, the threshold is used to delimit species on the gene 

tree. The GMYC method allows for either a single or multiple thresholds at which branching rates 

shift. Multiple-threshold allows for depth of the transition from coalescent to speciation to vary 

among lineages (Monaghan et al. 2009; Fujisawa and Barraclough 2013), and so should better 

accommodate rate heterogeneity within datasets. The multiple-threshold algorithm assesses the 

likelihood of new clusters by either splitting or lumping existing clusters and identifying increases in 

likelihood improvement. Clusters that increase the likelihood of the model are chosen as new starting 

points for the next heuristic search. 

Both single- and multiple-threshold GMYC methods search for the model with the highest likelihood 

score, however, the most likely solution may not be the only model with which the null model (single 

coalescent) can be rejected. Powell (2012) and Fujisawa and Barraclough (2013) implemented an 

alternative GMYC approach that assigns weights to and ranks all alternative models that reject the 

null model based on their fit to the data using AIC (Powell’s GMYC multimodel script is available 

from http://dx.doi.org/10.1111/j.2024-210X.2011.00122.x). The Powell multimodel GMYC approach 

uses model averaging to infer parameters and species probabilities. Each ultrametric tree was analysed 

by the GMYC with three different approaches: single threshold (ST-GMYC), multiple thresholds 

(MT-GMYC), and multimodel (MM-GMYC). These analyses were performed with the splits 1.0–11 

package (Ezard et al. 2009 - available from https://r-forge.r-project.org/ projects/splits) in R. 

Poisson Tree Process (PTP) 

The PTP method does not rely on ultrametric trees as input. Instead, the PTP model delimits species 

directly from the number of substitutions inferred by the branch lengths, which represent the mean 

expected number of substitutions per site between two branching events. The fundamental assumption 

is that the intraspecific number of substitutions will be significantly lower than the interspecific 

number of substitutions. It is assumed that a gene tree sampled both intra- and interspecifically will 

have been generated by two independent Poisson tree processes (species- and population-level). 

Support for only one PTP process could mean that only a single population exists or that each tip is a 

separate species. Note that this implicitly assumes that molecular substitution rates are constant across 

the tree: if they varied considerably then variation in substitution rates across the tree could impair 

correct identification of the transition from species- to population-level processes. A standard 

likelihood-ratio test with one degree of freedom is performed to test for multiple classes of branch 

length and, if present, a maximum likelihood search returns the most likely speciation rate, coalescent 

rate and the transition between them. The PTP model was used for each of the rooted trees (raw and 
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ultrametric), using the PTP web server (http://species.h-its.org/ptp/) and a mimimum P-value of 0.05. 

For the ultrametric trees, the PTP should still use the branch lengths to represent number of 

substitutions between branching events but if the branch lengths are not a good representation of the 

underlying substitution rates, then the PTP will be biased by that assumption.
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Figure S3.1 Methods overview. 

For each of the 16 datasets, an alignment with suitable outgroups is made (a) and collapsed into an 

alignment of unique haplotypes (b). This haplotype alignment is analysed with ten different 

phylogenetic methods (c). Of these, five produce ultrametric trees (UPGMA and BEAST), while the 

other five are either left “raw” or require smoothing with one of four smoothing methods (d). In total, 

30 trees (e) are generated. These final trees are analysed using the PTP and GMYC species 

delimitation methods (f). Note that non-ultrametric trees can be analysed by the PTP but not the 

GMYC method. Species delimitation analyses are split into PTP using unsmoothed trees only (as 

intended by the authors [PTP-raw]), PTP with all trees [PTP-all], GMYC with a single (ST-GMYC) 

or multiple (MT-GMYC) thresholds and a multimodel approach (MM-GMYC), applied to n trees in 

total. The robustness of each delimitation method (using Drosophila [g] and Dissotrocha [a rotifer; h] 

as examples): the absolute distance of the ESU estimate (ESUX) to the expected ESU count (either 

morphological species number, ESUmorph, [g] or the average ESU estimate for that particular 

delimitation method, ESUmeanB, [h]).
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Table S3.1 Literature review of trees used as GMYC input (from 2006 to April 2014). 
Found on the attached CD, or available upon request. 

 

Table S3.2 Accession numbers and publication information 
Found on the attached CD, or available upon request. 

 

Table S3.3 Dataset information (# Seq., #Hap., outgroups, residual variation, etc.) 
Found on the attached CD, or available upon request. 

 

Table S3.4 Simultaneous pairwise Tukey HSD tests for General Linear Hypotheses using 

BEAST trees only. Differences in residual variation of ESU estimate between each delimitation 

method analysed separately for the non-Rotifera and Rotifera datasets.  

ST-GMYC, MT-GMYC, and MM-GMYC refer to GMYC using a single-, multiple-threshold and 

multimodel approach. PTP-all refers to species delimitation analyses where all of the trees were used. 

  
non-Rotifera Rotifera 

Comparison 
 

Estimate 
Std. 

Error 
Z P Estimate 

Std. 

Error 
Z P 

ST-GMYC MT-GMYC -2.030 1.296 -1.567 0.385 0.216 0.633 0.341 0.986 

ST-GMYC MM-GMYC -0.039 1.841 -0.021 1.000 0.591 0.708 0.835 0.837 

ST-GMYC PTP-all 0.661 1.911 -0.346 0.985 0.447 0.677 -0.661 0.911 

MT-GMYC MM-GMYC 1.991 1.500 -1.327 0.533 0.375 0.738 -0.509 0.957 

MT-GMYC PTP-all 2.691 1.686 -1.596 0.368 0.232 0.708 -0.327 0.988 

MM-GMYC PTP-all 0.700 2.134 -0.328 0.987 -0.144 0.776 0.185 0.998 

 

Table S3.5 Simultaneous pairwise Tukey HSD tests for General Linear Hypotheses. Differences 

in residual variation of ESU estimate between each combination of phylogenetic and branch 

smoothing methods. 

Asterisks correspond to significant differences at P <0.05 (*), P <0.01 (**) and P <0.001 (***). 
Found on the attached CD, or available upon request.
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Figure S3.2 For each Rotifera clade separately, the number of ESUs delimited differs with respect 

to the combination of phylogenetic, smoothing, and species delimitation method (GMYC [blue] vs. 

PTP [yellow]). 
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Some combinations deviate more from the expected diversity (ESUmeanB) than others. The average for 

each species delimitation method (dotted lines) is shown: ST-GMYC (black), MT-GMYC (red), MM-

GMYC (green), PTP-all (purple), and PTP-raw (blue). The grey shaded areas correspond to the 

different phylogenetic methods. Median (thick black lines), first and third quartiles (box), 1.5 times 

the interquartile range (whiskers), and outliers (circles) are shown. For results with no variation, a 

single line of the corresponding colour is used instead of a box. Abbreviations: bd = birthdeath, c = 

coalescent, B = BEAST, MB = MrBayes, G = GARLI, P = PhyML, R = RAxML, NJ = neighbour 

joining and U = UPGMA.
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Figure S3.3 The relationship between the number of ESUs and different combinations of 

phylogenetic and smoothing method shown separately for cowries, Drosophila and Romanian 

butterflies. 

Some combinations deviate more from the morphological species count (red, dashed line) than others. 

No data are available for the cowries dataset reconstructed with MrBayes. The grey shaded areas 

correspond to the different phylogenetic methods. Median (thick black lines), first and third quartiles 

(box), 1.5 times the interquartile range (whiskers), and outliers (circles) are shown. Abbreviations: bd 

= birthdeath, c = coalescent, NJ = neighbour joining.
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Figure S3.4 Residual variation of ESU estimates for all 16 datasets shown separately for each 

species delimitation method: ST-GMYC (a), MT-GMYC (c) MM-GMYC (e), PTP-all (b) PTP-raw 

(d) and all together (f). 

Each dataset was analysed by Bayesian, maximum likelihood and distance methods using eight 

different phylogenetic methods (BEAST [B] with either a birthdeath [bd] or coalescent [co] tree prior, 

MrBayes [MB], GARLI [G], PhyML [P], RAxML [R], neighbour joining [NJ] and UPGMA [U]). 

The grey shaded areas correspond to the different phylogenetic methods. Median (thick, black lines), 

first and third quartiles (box), 1.5 times the interquartile range (whiskers), and outliers (circles) are 

shown.
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Figure S3.5 The number of morphospecies that are exact matches (purple), lumped (orange), or 

split (green) relative to the ESUs. 

Species delimitation methods are shown separately (ST-GMYC with a single threshold, MT-GMYC 

with multiple thresholds, and PTP [PTP-raw are denoted with a † above the bar]). The MM-GMYC 

was not analysed as it averages ESU counts over multiple models and so does not return ESU counts 

as integers. Cowries (a; 263 morphospecies species), Drosophila spp. (b; 176 morphospecies species), 

and Romanian butterflies (c; 136 morphospecies species) are shown separately. Each dataset was 

analysed using eight different phylogenetic methods (grey shaded areas) and nine different rate 

smoothing methods; the specific combination of phylogenetic and rate smoothing methods is shown 

below each bar. Abbreviations: bdr = birthdeath with a relaxed molecular clock, bds = birthdeath with 

a strict molecular clock, cr = coalescent with a relaxed molecular clock, cs = coalescent with a strict 

molecular clock, cpl = chronopl, cos = chronos, d8 = PATHd8, r8s = r8s, B = BEAST, MB = 

MrBayes, G = GARLI, P = PhyML, R = RAxML, NJ = neighbour joining, U = UPGMA. Where 

species delimitation was not possible, no data are shown (*).
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Supplementary File S3.1: Does ESUmeanB correspond to ESUmorph? 

Residual variation is calculated as: 

|ESUX-ESUexpected| ÷ ESUmeanA 

where ESUexpected is either the morphological species count (ESUmorph) or the mean ESU estimate of 

the phylogenetic methods (ESUmeanB). The use of ESUmeanB as a proxy for ESUmorph was validated 

using the three datasets where residual variation could be calculated using both ESUmorph and 

ESUmeanB (cowries, Drosophila and Romanian butterflies). Residual variation using either ESUmorph 

and ESUmeanB never deviated by more than 8.5% and differences were on average 1.54± 0.78% within 

each other (Fig. S3.6).
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Figure S3.6 The relationship between the residual variation when the expected diversity 

(ESUexpected) is taken as either the morphological species estimate (ESUmorph) or the average of the 

delimitation methods (ESUmeanB). 

The red dotted line represents where residual variation taken from these different expected diversities 

are equivalent (y = 1.08x - 0.05; LM: t = 21.52, P < 0.0001, R
2
 = 0.63).
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Supplementary File S3.2: Residual variation example calculation 

Residual variation is calculated as: 

|ESUX-ESUexpected| ÷ ESUmeanA 

For the cowries, Drosophila, and butterflies, the morphological species count (ESUmorph; as 

determined by GenBank species names) was used as the measure for expected diversity. As an 

example: the number of Drosophila ESUs identified using the PTP method using the RAxML tree 

smoothed using r8s (i.e. 221) was subtracted from the morphospecies count (i.e. 176) and divided by 

the average Drosophila ESU count for all of the PTP estimates (|221-176|÷194.66=0.23). Therefore, 

for this particular delimitation method and combination of phylogenetic reconstruction and branch 

smoothing method, the residual variation is 0.23.  

For the Rotifera datasets, the mean species estimate from all of the methods excluding the focal 

estimate (ESUmeanB) was used as the measure of expected diversity. For example: for Dissotrocha 

(Bdelloidea: Rotifera), the number of ESUs identified using the PTP method on the RAxML tree 

smoothed using r8s (i.e. 19) was subtracted from the average PTP ESU estimate across the other 29 

estimates (i.e. 18.79) and divided by the average Dissotrocha ESU count for all of the PTP estimates 

(|19-18.79|÷18.8=0.011). For this particular delimitation method and combination of phylogenetic 

reconstruction and branch smoothing method, the residual variation is 0.11. 

This was repeated for each combination of species delimitation, phylogenetic reconstruction and 

branch smoothing method (Fig. S3.1g,h) and then for each dataset.
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Supplementary File S3.3: Is λ a strong determinant of ESU estimation? 

To ascertain the effect of changing the smoothing parameter, λ, on the ESU estimation of chronopl 

and chronos trees, we generated ten chronopl and ten chronos ultrametric trees per raw tree with λ 

values evenly distributed from 0.1 to 1.0 and estimated the diversity in each. This resulted in 1,560 

ultrametric trees (minus the cowrie MrBayes and GARLI trees which did not converge and failed, 

respectively). For each one of these ultrametric trees, we delimited the number of ESUs using the ST-

GMYC. We analysed the effect of λ on the estimated diversity using Generalized Linear Mixed 

Models via Penalised Quasi-Likelihood (Venables and Ripley 2002) with a quasiPoisson error 

structure to account for the overdispersed count data (ESUX). The number of ESUs was used as the 

response variable and the branch smoothing method (chronopl or chronos), λ value and phylogenetic 

reconstruction method (five levels) as explanatory variables, while blocking out clades as a random 

effect. We found that there is substantial variation in ESU estimates for some datasets but not a 

consistent effect of λ on this variation. Phylogenetic reconstruction and branch smoothing method are 

much stronger determinants of ESU estimates (Table S3.6; Fig. S3.7). 

Table S3.6 Summary of the Generalized Linear Mixed Model of the number of GMYC (single-

threshold) ESUs estimated from gene trees smoothed with chronopl or chronos under varying 

smoothing parameters (λ). 

 Value Std. Error D.F. t value P 

(Intercept) GARLI chronopl 3.13 0.26 1558 12.21 0.00 

chronos 0.19 0.04 1558 4.49 0.00 

lambda 0.00 0.07 1558 -0.01 1.00 

MrBayes 0.19 0.08 1558 2.48 0.01 

NJ 0.07 0.08 1558 0.91 0.37 

PhyML 0.33 0.07 1558 4.55 0.00 

RAxML 0.79 0.07 1558 11.59 0.00 
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Figure S3.7 GMYC ESUs delimited from trees smoothed with chronopl (solid lines) and chronos 

(dotted lines) with different λ values using different phylogenetic methods (MrBayes [black], GARLI 

[red], PhyML [blue], RAxML [green], and NJ [purple])
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Chapter 4: Supplementary Materials 

Table S4.1 Sequence information and results from the GMYC analysis, and summary 

output of the intraspecific and interspecific variation. 
Found on the attached CD, or available upon request. 

 

Table S4.2 Barcode gap analyses using nearest neighbour, threshold ID, and best close 

match criteria analysed separately for morphospecies, and GMYC ESUs delimited using 

BEAST or RAxML trees. Separate analyses were also performed for datasets including and 

excluing unidentified species. 
Found on the attached CD, or available upon request. 

 

Table S4.3 GLMs used to explain that DNA barcoding identification success rates do not differ 

between GMYC ESUs delimited from BEAST or RAxML gene trees. 

Metrics and the presence or absence of singletons are analysed separately. 

DNA barcoding metric Singletons 
 

Estimate S.E. t P 

Nearest neighbour 

success (%) 

Yes BEAST 3.15 0.34 9.323 4.25E-09 

 RAxML 0.08 0.48 0.17 0.87 

No BEAST 5.03 0.46 10.96 2.22E-10 

 RAxML 0.19 0.68 0.28 0.785 

Threshold ID success (%) Yes BEAST 2.46 0.28 8.67 1.51E-08 

 RAxML 0.28 0.42 0.65 0.522 

No BEAST 3.04 0.32 9.36 3.96E-09 

 RAxML 0.49 0.52 0.95 0.353 

Best close match 

success (%) 

Yes BEAST 2.71 0.27 9.92 1.40E-09 

 RAxML 0.27 0.41 0.66 0.515 

No BEAST 3.54 0.30 11.79 5.55E-11 

 RAxML 0.65 0.50 1.29 0.212 

 

Table S4.4 GLMs used to explain that DNA barcoding identification success rates do not 

significantly differ between the metrics. 

 
Estimate S.E. t P 

BCM (intercept) 2.84 0.21 13.32 <2e-16 

NN 0.34 0.33 1.05 0.3 

TI -0.26 0.29 -0.89 0.37 
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Chapter 5: Supplementary Materials and Methods 

Figure S5.1 Phylogenetic methods workflow. 

(a) Nineteen 18S and COI sequences, representing 12 of the 13 datasets were aligned separately and 

subsequently concatenated. (b) The concatenated alignment was used to construct a backbone 

phylogeny (c) with 15 calibration points (yellow nodes). The parameters of BEAST analysis 

comprised: a GTR+Γ+I model of evolution, a relaxed lognormal clock, a birth-death prior, a random 

starting tree, 100,000,000 generations, and sampling every 1,000 generations. Separate calibration 

clocks were used for COI (1.76% MYR
-1

) and 18S (0.02% MYR
-1

). (d) A more extensive sample of 

COI sequences were aligned and split by sister clades into two separate alignments. (e) Each of the 

two alignments were used to reconstruct large combined gene trees with the 15 calibration points set 

(as defined in [c]). (f) Thirteen datasets, representing species complexes and genera, were pulled out 

from these combined trees.
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Specimen collection, sequencing and concatenation 

Collection of Ascomorpha, Keratella and Polyarthra specimens 

Ascomorpha, Keratella, and Polyarthra populations were sampled between 2010 and 2012 from 42 

water bodies using a 50µm mesh net. For each water body, specimens were isolated into a single 

sample and identified according to Koste (1978) and Polyarthra specific material from Shiel and 

Koste (1993). Full details of the sampling conditions (coordinates, depth, and date) and GenBank 

accession numbers are in Table S5.1. 

COI sequencing of Ascomorpha, Keratella and Polyarthra specimens 

DNA from each single animal was extracted in 35μL of Chelex (InstaGene Matrix; BioRad). 

Cytochrome c oxidase subunit I (COI) was PCR amplified using Folmer primers (Folmer et al. 1994) 

LCOI (5′-GGT CAA CAA ATC ATA AAG ATA TTGG-3′) and HCOI (5′-TAA ACT TCA GGG 

TGA CCA AAAAAT CA-3′). Cycle conditions comprised initial denaturation at 94°C for 3 min, 

followed by 40 cycles of 94°C for 30 sec, 48°C for 1 min, and 72°C for 1 min, and a final extension 

step of 72°C for 7 min. PCR amplicons were purified using ExoSAP-IT (USB Corporation) and were 

sequenced using the same PCR primers and ABI BigDye 3.1 chemistry on an ABI 3730XL sequencer 

(Applied Biosystems) at the Edmund Mach Foundation (Research and Innovation Centre). All 

sequences were deposited in GenBank (accessions numbers KC618769 - KC619309). These 

sequences were assembled, checked and edited by eye using Geneious Pro v5.4.2 (Drummond et al. 

2006). 

18S sequencing 

Amplification of 18S rDNA was performed using a nested PCR approach as outlined by Tang et al. 

(2012). The total fragment was amplified using 18SFnew (5’-AGA TTA AGC CAT GCA TGT CT-

3’) and 9R (5’-GAT CCT TCC GCA GGT TCA CCT AC-3’) using the following cycle conditions: 

initial denaturation at 95°C for 5 min, following by 38 cycles of 95°C for 1 min, 55°C for 1 min, and 

72°C for 2 min, and a final extension at 72°C for 10 min. Three overlapping fragments of 18S were 

amplified using the previous amplicon as a template and the following primer pairs: 18SFnew (5’-

AGA TTA AGC CAT GCA TGT CT-3’) – 4R (5’-GAA TTA CCG CGG CTG CTG G-3’), 18SCT1 

(5’- TGG AGG GCA AGT CTG GTG CCA GC-3’) – 18Sbi (5’- GAG TCT CGT TCG TTA TCG 

GA-3’), and 18Sa2.0 (5’-ATG GTT GCA AAG CTG AAA C-3’) – 9R (5’-GAT CCT TCC GCA 

GGT TCA CCT AC-3’). Primers were either those of Giribet et al. (1996), or redesigned from five 

full length rotifer sequences (~1,800bp) obtained from GenBank (AF154566, AF154567, AY218118, 

AJ487049, DQ089733). These five sequences were aligned and priming sites were designed around 

regions that were conserved between bdelloid and monogonont sequences. 
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All PCR amplicons were purified and concentrated using Illustra GFX PCR DNA and Gel band 

purification kit as per the manufacturer’s protocol with a final volume ranging from 10μl to 20μl 

depending on the concentration of the amplicons. Purified products were sequenced using purified 

amplicons, 1:10 of the PCR primers and the ABI Big Dye Terminator v1.1 kit and run on an ABI 

3770 automated sequencer. Sequences were checked and edited using Geneious Pro. Direct 

sequencing of 18S yielded only single copies with no evidence of divergent ribosomal copies. The 

orthology of 18S was further validated by searching the Adineta vaga genome (Flot et al. 2013) for 

18S copies. BLAT (Adineta genome equivalent to BLAST) was used to search for the Adineta 18S 

sequence (KF561095), the resulting scaffolds (>500bp) were less than 1% divergent from each other. 

Furthermore, searching the genome for the other eighteen 18S sequences (used for the backbone 

phylogeny) returned the same set of scaffolds as for the Adineta (KF561095) search. These lines of 

evidence indicate that 18S has a single copy in Adineta vaga and that this particular copy is 

orthologous across the samples (bdelloid and monogonont) used here. 

18S and COI concatenation 

A backbone phylogeny was generated using a concatenated alignment COI and 18S sequences (Table 

S5.2). Sequences were chosen to represent as much of our focal datasets as possible from the 

available resources (GenBank). For 18S, there was a limited collection of appropriately sized, 

annotated, and identified sequences available; therefore only 12 of the 13 datasets are represented and 

only 19 sequences in total were used (no 18S datum was available for Macrotrachela). The sequences 

used for the backbone phylogeny are shown in Table S5.2. Most of the COI and 18S sequences were 

concatenated from the same individuals (15 out of 19), but where this was not possible, sequences 

from the same morphospecies or genus were selected for concatenation. Ascomorpha, Keratella, and 

Polyarthra COI and 18S sequences belonged to specimens from the same morphospecies (Table 

S5.2), and for Pleuretra, a COI sequence from P. lineata (FJ426426) was concatenated with an 18S 

sequence from P. hystrix (JX494746). The COI and 18S sequences were aligned separately using 

MAFFT (Katoh et al. 2009) with the default settings and checked and edited in Geneious Pro. Non-

alignable or substantially shorter sequences (<50% of the average alignment length) were discarded. 

These alignments had no indels or stop codons. 

How are the two analyses split up? 

The backbone phylogeny indicated that the following taxon pairs were sister clades: (Ascomorpha, 

Keratella cochlearis), (Polyarthra, Synchaeta), (Brachionus calyciflorus, Brachionus plicatilis), 

(Philodina, Pleuretra lineata), and (Dissotrocha, Rotaria). These lineages were split up into two 

alignments (Table S5.4) to maintain similar age distributions in each analysis. Testudinella and 

Adineta (which formed outgroups) and Macrotrachela (missing) were divided to maintain equivalent 

sequence numbers in each alignment. 
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The effect of incomplete sampling on constancy of net diversification rates 

Incomplete sampling will result in γ becoming increasingly negative with more missing taxa because 

old nodes are disproportionately sampled over younger ones (Pybus and Harvey 2000). Incomplete 

sampling was corrected for both before and after the analyses. A priori correction was performed 

using a missing species simulator (by feeding in branches/splits, equivalent to species) based on a 

constant rate birth-death model (CorSiM - Cusimano et al. 2012). Missing species were simulated 

1,000 times using the TreePar 2.5 package (Stadler 2011) in R, which requires estimates of net 

diversification rates under a constant birth-death model (estimated using ape) and a measure of 

expected diversity (estimated using the Chao estimator - Chao 1984). The post hoc correction was 

performed using a Monte Carlo constant rates test (MCCR within laser - Pybus and Harvey 2000). 

The MCCR test is based on a null distribution of γ using pruned trees simulated 1,000 times under a 

constant rate with the same number of tips corresponding to the expected diversity (also estimated by 

Chao). 

Table S5.1 Specimen collection information and accessions numbers for the sequences generated 

for this study. Abbreviations: WC = water column 
Found on the attached CD, or available upon request.
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Table S5.2 Summary information for each of the 13 datasets, including number of sequences, number of unique haplotypes, estimated diversity, 

constancy of diversification statistics, estimated ages, and accessions. 

Taxon Group Tax. bp 
N 

seq. 

N 

hapl. 

GMYC analyses # GMYC entities 
N 

singl. 

N 

seq./ 

ESU 

N 

hapl./ 

ESU 

Estimated  

richness 

(chao) 
LR P value 

Bayesian 
 

1
o
 relaxed strict ML 

Adineta 

  spp. 
B G 661 229 115 29.21 2.02E-06 70 71 64 70 44 3.3 1.6 119.8 

Ascomorpha 

  spp. 
M G 661 38 13 8.28 0.04 5 6 5 5 2 7.6 2.6 6 

Brachionus 

  calyciflorus 
M S 712 460 173 96.85 0 17 19 21 8 4 27.1 10.2 20 

Brachionus 

  plicatilis 
M S 729 460 129 32.61 3.89E-07 20 33 23 26 6 23.0 6.5 27.5 

Dissotrocha 

  spp. 
B G 661 38 27 10.21 0.017 19 18 11 19 12 2.0 1.4 31 

Keratella  

  cochlearis 
M S 661 59 23 12.38 0.0062 6 6 3 6 2 9.8 3.8 7 

Macrotrachela 

  spp. 
B G 661 194 80 17.19 0.00065 46 50 44 44 29 4.2 1.7 92.7 

Philodina 

  spp. 
B G 661 386 139 57.96 1.61E-12 71 74 72 72 43 5.4 2.0 128.8 

Pleuretra 

  lineata 
B S 661 48 20 7.29 0.063 8 5 5 18 4 6.0 2.5 14 

Polyarthra 

  spp. 
M G 661 462 53 37.49 3.63E-08 18 18 18 18 10 25.7 2.9 40.5 

Rotaria 

  spp. 
B G 698 1541 147 14.17 0.0027 120 119 116 117 97 12.8 1.2 344 

Synchaeta 

  spp. 
M G 678 210 32 11.40 0.0097 14 14 14 14 6 15.0 2.3 18.5 

Testudinella 

  spp. 
M G 661 86 34 38.01 2.82E-08 13 11 11 12 8 6.6 2.6 27 

Abbreviations: Tax. – taxonomic scale; B – Bdelloidea; M – Monogononta; G – genus; S – species complex; bp - length of alignment; N seq. - Number of 

sequences; N hap. - Number of haplotypes; LR - Likelihood ratio; ML - Maximum likelihood; BI - Bayesian inference; N singl. - Number of singletons; 

MCCR crit. val. - Monte Carlo constant rates critical value. 
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Table S5.2 Summary information for each of the 13 datasets, including number of sequences, number of unique haplotypes, estimated diversity, 

constancy of diversification statistics, estimated ages, and accessions. Cont. 

Taxon 

Diversification rate 
Age 

(MYR) 

Backbone GenBank 

TreeBASE 
γ 

MCCR 

crit. val. 
P 

CorSiM 

γ 
P 18S rDNA COI mtDNA 

Adineta 

  spp. 

-6.21 -2.7 0.0001 -3.95 0.00004 27.58 KF561095 KF582480 66181 

Ascomorpha 

  spp. 

-1.01 -1.15 0.06 -0.7 0.24 56.13 DQ297691 KC618773 66185 

Brachionus 

  calyciflorus 

1.56 -1.37 0.92 2.45 0.99 25.61 KF561096 HQ444170 66189 

Brachionus 

  plicatilis 

-3.15 -1.71 0.003 -3.68 0.00012 25.84 KF561097 HQ444171 66208 

Dissotrocha 

  spp. 

-2.6 -1.97 0.011 -2.89 0.0019 20.99 KF561098-KF561099 KF582497, KJ913822 66212 

Keratella  

  cochlearis 

-1.72 -1.01 0.011 -2.21 0.014 24.30 DQ297697 KC618852 66216 

Macrotrachela 

  spp. 

-5.28 -2.68 0.0001 -2.96 0.0015 25.39 N/A N/A 66220 

Philodina 

  spp. 

-4.35 -2.84 0.0002 -2.71 0.0034 53.95 KF561100-KF561102 JQ309165, JQ309181,  

JQ309183 

66224 

Pleuretra 

  lineata 

1.96 -1.76 0.98 1.96 0.97 22.98 JX494746 FJ426426 66228 

Polyarthra 

  spp. 

-1.93 -2.22 0.084 -1.69 0.046 45.85 DQ297716 DQ297789 66233 

Rotaria 

  spp. 

-5.32 -4.68 0.009 -2.74 0.003 32.62 KF561103-KF561105 EU076828, JQ309460,  

JQ309578 

66237 

Synchaeta 

  spp. 

-1.22 -1.46 0.082 -0.97 0.17 28.57 KF561106-KF561107 JN936673, JN936516 66241 

Testudinella 

  spp. 

-0.4 -2.14 0.57 -0.25 0.4 42.89 KF561108-KF561109 HQ444166, HQ444168 66245 

Abbreviations: Tax. – taxonomic scale; B – Bdelloidea; M – Monogononta; G – genus; S – species complex; bp - length of alignment; N seq. - Number of 

sequences; N hap. - Number of haplotypes; LR - Likelihood ratio; ML - Maximum likelihood; BI - Bayesian inference; N singl. - Number of singletons; 

MCCR crit. val. - Monte Carlo constant rates critical value. 
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Table S5.3 Intra- and interspecific diversity measures (genetic and phylogenetic distances) for 

each of the delimited GMYC entities. The number of haplotypes per GMYC entity, morphospecies, 

habitat type (Aquatic or Limnoterrestrial), and population genetic measures are also shown. A 

minimum of four sequences was required for D*, F*, FS, and D, and a minimum of two sequences 

was required for R2. 
Found on the attached CD, or available upon request. 

 

Table S5.4 Datasets were split up by sister clades as determined using the backbone phylogeny 

(Fig. 5.2) and outgroup taxa were added to balance the sequence numbers for each alignment. 
Sister 

clade 
Group Alignment 1 # Seq. Group Alignment 2 # Seq. 

1 Monogononta Ascomorpha 13 Monogononta Keratella cochlearis 23 

2 Monogononta Polyarthra 53 Monogononta Synchaeta 32 

3 Monogononta Brachionus calyciflorus 173 Monogononta Brachionus plicatilis 129 

4 Bdelloidea Philodina 139 Bdelloidea Pleuretra lineata 20 

5 Bdelloidea Dissotrocha 27 Bdelloidea Rotaria 147 

 Monogononta Testudinella 34 Bdelloidea Adineta 115 

 Bdelloidea Macrotrachela 80       

  Total 519   466 

 

Table S5.5 Output from GLMM analysis of GMYC model fit (P value) differences between 

bdelloid and monogonont rotifers and varying degrees of jack-knifing. 

Fixed effects Value 
Std. 

Error 
D.F. t value P 

Intercept (Bdelloid, jack-knifed: 20%) -7.30 1.32 5181 -5.55 0.00 

Monogonont -2.08 1.83 11 -1.14 0.28 

Jack-knife: 25% 0.20 0.05 5181 4.31 0.00 

Jack-knife: 33% 0.26 0.05 5181 5.49 0.00 

Jack-knife: 50% 0.50 0.05 5181 10.96 0.00 

Monogonont, jack-knifed: 25% 0.07 0.15 5181 0.46 0.65 

Monogonont, jack-knifed: 33% 0.28 0.14 5181 1.96 0.05 

Monogonont, jack-knifed: 50% 0.46 0.14 5181 3.37 0.00 

Random effect (intercept) Residual    

Dataset 3.15 0.11       
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Script for multibirthdeath function 

library(ape) 

#multibirthdeath function 

multi.birthdeath<-function(phy){ 

      if(!inherits(phy[[1]],"phylo")) 

      stop("object\"phy\"isnotofclass\"phylo\"") 

      dev<-function(a,r){ 

      if(r<0||a>1) 

      return(1e+100) 

      lik<-0 

      N.sum<-0 

      for(i in(1:length(phy))){ 

         N<-length(phy[[i]]$tip.label) 

         N.sum<-N.sum+N 

         x<-c(NA,branching.times(phy[[i]])) 

         lik<-lik-2*(lfactorial(N-1)+(N- 

            2)*log(r)+r*sum(x[3:N])+N*log(1-a)- 

            2*sum(log(exp(r*x[2:N])-a)))} 

      N.sum<<-N.sum 

      return(lik)} 

   out<-nlm(function(p)dev(p[1],p[2]),c(0.1,0.2),hessian=TRUE) 

   if(out$estimate[1]<0){ 

      out<-nlm(function(p)dev(0,p),0.2,hessian=TRUE) 

      para<-c(0,out$estimate) 

      inv.hessian<-try(solve(out$hessian)) 

      se<-if(class(inv.hessian)=="try-error") 

      NA 

      elsesqrt(diag(inv.hessian)) 

      se<-c(0,se)} 

   else{ 

      para<-out$estimate 

      inv.hessian<-try(solve(out$hessian)) 

      se<-if(class(inv.hessian)=="try-error") 

      c(NA,NA) 

      elsesqrt(diag(inv.hessian))} 

   Dev<-out$minimum 

   foo<-function(which,s){ 

   i<-0.1 

   if(which==1){ 

      p<-para[1]+s*i 

      bar<-function()dev(p,para[2])} 

   else{ 

      p<-para[2]+s*i 

      bar<-function()dev(para[1],p)} 

   while(i>1e-09){ 

      while(bar()<Dev+3.84)p<-p+s*i 

      p<-p-s*i 

      i<-i/10} 

      p} 

   CI<-mapply(foo,c(1,2,1,2),c(-1,-1,1,1)) 

   dim(CI)<-c(2,2) 

   names(para)<-names(se)<-rownames(CI)<-c("d/b","b-d") 

   colnames(CI)<-c("lo","up") 

   obj<-list(tree=deparse(substitute(phy)),N=N.sum,dev=Dev, 

      para=para,se=se,CI=CI) 
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   class(obj)<-"birthdeath" 

   obj} 

#Bdelloid, Monogonont and Rotifera trees were concatenated into a 

#single multiphylo object 

bdelloid.trees<-c(adin.prune,diss.prune,macr.prune,phil.prune) 

monogonont.trees<-c(asco.prune,brac.prune,brap.prune,kera.prune) 

all.trees<-c(bdelloid.trees,monogonont.trees) 

#run code 

multi.birthdeath(bdelloid.trees) 

multi.birthdeath(monogonont.trees) 

multi.birthdeath(all.trees) 

#A likelihood ratio test was used to compare the fit of a nested 

#model (bdelloids or monogononts) to the global model (Rotifera), 

#where X is the log likelihood of the nested model and Y is the log 

#likelihood of global model 

1-pchisq(2*(X-(Y)),2)
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Supplementary File S5.1 Are the ultrametric trees robust to rate heterogeneity? 

Cladogenesis rates may be affected by differences in rate heterogeneity. Rate heterogeneity within a 

gene tree will result in branch length variation and potentially the artificial stretching of branches. 

Genetic distances among sequences should correlate strongly with branch lengths on a gene tree, but 

this relationship may be imperfect when trees are made ultrametric. Rate variation in one part of the 

dataset may lead to over-smoothing and stretching of other less diverse parts of the final gene tree; 

this stretching leads to biases in the GMYC analysis, which is concerned primarily with branching 

rates. Moreover, different clades may have different levels of rate heterogeneity, and strong 

departures from uniformity across the tree could result in artificially stretched branch lengths (i.e. 

artificially old tips). These artificially stretched tips may result in poor GMYC ESU estimation. We 

assessed the effect of rate heterogeneity on artificial branch stretching by comparing the raw 

minimum genetic distance and the minimum phylogenetic distance (on an ultrametric tree) between 

GMYC entities. A positive linear correlation between the two measures would indicate a clock-like 

rate, while a lack of correlation would indicate a departure from a molecular clock or artefacts from 

the method of phylogenetic reconstruction. This diagnostic was used iteratively to develop the 

phylogenetic analyses described above. 

The main difference in discreteness between bdelloids and monogononts was not an artefact of the 

effect of smoothing on the greater substitution rate heterogeneity observed in bdelloids than 

monogononts, as the correlation between raw genetic and phylogenetic distance was equivalent 

between the two clades (LM: F1,425=273.3, P<0.001; Fig. S5.2). 
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Figure S5.2 Minimum interspecific genetic distance (raw pDistance) against minimum 

phylogenetic distance to the nearest neighbour (MYR). 

The strong relationship indicates that no bias from the phylogenetic reconstruction has been 

incorporated (LM: Y=0.0046x * 0.042, Adjusted R-square=0.39, P<0.001.
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Supplementary File S5.2 How does phylogenetic reconstruction method affect s 

delimitation? 

To assess the robustness of the trees reconstructed by two large combined analyses in terms of 

topology and rate smoothing, the number of GMYC clusters  delimited from these trees was 

compared to ones reconstructed independently from the other datasets (i.e. 13 separate analyses 

instead of two) using both maximum likelihood (ML) and Bayesian inference (BI) techniques. ML 

trees were reconstructed using RAxML webservers (Stamatakis et al. 2008) with a Gamma model of 

rate heterogeneity, maximum likelihood model search, and an estimated proportion of invariable sites. 

The r8s software (Sanderson 2003) was used to perform nonparametric rate smoothing (NPRS). This 

method smooths rate changes among lineages while penalising fast rate changes from mother to 

daughter. The level of smoothing was optimised using a cross validation procedure. 

Two separate BEAST runs, strict and relaxed clock models, were performed for each clade. BEAST 

input files were generated using BEAUti v1.7.5, each search ran with a substitution rate of 1.76% per 

million years (the most accepted rate for most invertebrates - Wilke et al. 2009) under either an 

uncorrelated lognormal relaxed molecular clock or a strict molecular clock and a birth-death 

(Gernhard 2008) tree prior. Each dataset was run for at least 30,000,000 generations sampling every 

1,000 steps on the CIPRES Science Gateway server (Miller et al. 2010). All of the other options were 

kept as the BEAUti default settings. The effective sample size (ESS) of each run was determined 

using Tracer v1.5 (Rambaut and Drummond 2009) and only trees with an ESS of at least 200 were 

kept (as recommended in the BEAST documentation). TreeAnnotator v1.6.1 was used to summarise 

the trees with a 10% burnin to give a 50% majority-rule consensus ‘maximum clade credibility tree’ 

with target node heights. 

The number of evolutionary significant units (GMYC s) was obtained from each tree using the 

GMYC (described in the main text) and compared to those produced using the larger analyses from 

the combined alignments (described in the main text). 

There was no relationship between the method of phylogenetic tree inference (ML/BI) and the 

number of GMYC s delimited (t12=-0.17, P=0.87; Fig. S5.3) and no significant difference between the 

three Bayesian methods (i.e. [1] analysed together in large matrices, [2] individually with a lognormal 

relaxed clock, and [3] with a strict clock; F2,36=0.022, P=0.98; Fig. S5.2), therefore only the results 

from the larger primary analyses will be shown.
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Figure S5.3 S richness of each of the 13 rotifer datasets analysed by GMYC but with different 

input ultrametric trees. 

Four different means of generating ultrametric phylogenies: a single large Bayesian analysis 

simultaneously assessing the 13 datasets (red) with a lognormal relaxed molecular clock, or individual 

per dataset phylogenies generated by maximum likelihood and smoothed by nonparametric rate 

smoothing (black), Bayesian with a relaxed molecular clock (yellow) or Bayesian with a strict clock 

(white stripes).
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Supplementary File S5.3 Is sampling effort differentially affecting bdelloid and 

monogonont diversity estimates? 

The transition from Yule to Coalescent branching rates in the tree is used by the GMYC to detect s. 

Increased sampling can either supplement existing haplotypes or fill in gaps present in the sample; 

supplementation will increase the support for the coalescent part of the tree, while filling in the gaps 

will increase the representation of the Yule section. Higher support for the GMYC is indicative of a 

strong transition between the processes, this happens when the s richness in the sample is saturated 

(Yule process) and additional samples supplement the populations (Coalescent process). Adding new 

samples to a poorly sampled tree, with a low representation of the s richness, will tend to find more 

novelty and so will reduce the significance of a branching rate transition by supporting the Yule side 

of the tree. Supplementing pre-existing haplotypes is more likely than discovering novel haplotypes, 

and so increased sampling will tend to improve the support of GMYC units, but the slope of this 

improvement (associated with sampling effort) will indicate how well sampled the diversity in the 

dataset is. 

The effect of sampling effort on how the GMYC model fits to the data and how this differs between 

bdelloid and monogonont rotifers was tested by jack-knifing gene trees and delimiting s from them 

using the GMYC model. Each tree was jack-knifed by a fifth, a quarter, a third and a half 100 times, 

and for each of these trees the GMYC model with a single threshold was performed. In total 5,200 

GMYC analyses were performed (400 replicates for each clade). A generalised linear mixed effects 

model with a penalised quasi-likelihood and a quasibinomial error structure was used with GMYC 

model significance (using the P value of the likelihood ratio test) as the explanatory variable and 

group (bdelloid vs. monogonont) and proportion of pruned tips (20%, 25%, 33%, and 50%) as the 

response variables. Dataset was blocked out as a random variable. 

The average GMYC model significance was qualitatively higher for 100% sampled (i.e. unpruned) 

monogonont datasets compared to bdelloid datasets (GMYC P values: 0.0081 vs. 0.014; Table S5.2), 

and this remained true for each of the jack-knifed proportions (Fig. S5.4). Jack-knife analyses indicate 

that the GMYC (P values) is more stable in monogonont samples than bdelloids. The slope of the 

decrease in the GMYC model fit with increasing levels of jack-knifing is steeper in bdelloids than it is 

for monogononts (Table S5.5; Fig. S5.4), which indicates that diversity in these monogonont samples 

is closer to saturation than in the bdelloids. 

Sampling will be related to GMYC support, but the slope at which support improves with increased 

sampling will reflect the likelihood that increased sampling supplements existing haplotypes 

(Coalescent) as opposed to being novel (Yule). The slope at which monogonont GMYC support 

increases is shallower than that of the bdelloids, this indicates that additional samples are more likely 
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to supplement pre-existing haplotypes, thereby supporting the Coalescent side of the tree. This 

indicates that monogononts diversity in these datasets it more representative than the bdelloids, and 

that including additional sequences tends to supplement closely related genotypes to s clusters, while 

maintaining, rather than filling, interspecific gaps (as would be expected of the bdelloid datasets). 

Figure S5.4 Significance of the GMYC model fit when bdelloid (red) and monogonont (blue) 

trees are jack-knifed by 20%, 25%, 33%, and 50%. 

The dotted line represents the alpha value at which the GMYC model fit is considered significant (α = 

0.05). Boxes indicate the extent of the first and third quartiles. Whiskers indicate the most extreme 

data points within 1.5 times the inter-quartile distance from the box. Outliers are represented by the 

density plot, the width of the violin is indicative of the density of data.
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Chapter 6: Supplementary Materials and Methods 

Amplifying COI, 18S and 28S 

COI mtDNA and 18S rDNA were amplified using previously reported protocols (Tang et al. 2012, 

2014b). Similar to the method for 18S amplification, 28S rDNA was amplified using a nested PCR 

approach, of which all the primers used were redesigned from full length rotifer sequences (~2800bp) 

obtained from GenBank (Table S6.2). These sequences were aligned in Geneious 5.4.2 (Drummond et 

al. 2006) using the MAFFT (Katoh et al. 2009) plugin with the default settings. New external and 

internal primers were designed (Table 6.2) based on the 28S primers Sørensen and Giribet (2006). 

Two external and four internal primer pairs were designed to give wide amplification success across 

both bdelloid and monogonont rotifers, bind to conservative regions, and yield amplicon sizes of 

between 500-700bp. 

PCRs were performed using 12.5μl of REDTaq ReadyMix PCR Reaction Mix (Sigma, Vienna, 

Austria), 2μl of each primer (10mM), 2μl of template DNA (or PCR amplicon: 10-50ng) and ddH20 

up to a total volume of 25μl. The total 28S rDNA fragment was amplified using 28SCT1F (5’ - CGA 

GAC CGA TAG CGA ACA AGT ACC GTG – 3’) and 28SCT4R (5’ - GGC TCT TCC TAT CAT 

TGC GAA GCA GAC T -3’). Cycle conditions comprised initial denaturing at 95°C for 5 minutes, 

followed by 38 cycles of 95°C for 1 minute, 60°C for 1 minute and 72°C for 2 minutes, and a final 

extension step of 72°C for 10 minutes. Four nested PCRs were performed using these primer pairs: 

28S0FCT (5’-ACG AAT GGC CGC ATT CAT CAG AT-3’) – 28S1RCT (5’-GTT TGA CGA TCG 

ATT TGC ACG TC -3’), 28S2FCT (5’-GAC CCG AAA GAT GGT GAA CT-3’) – 28S2RCT (5’-

CGT CAG TCT TCA AAG TTC TCA TTT GA-3’), 28S3FCT.0 (5’-GCG TCG AAG GCT AAC 

ACG TGA-3’) – 28S3RCT (5’-TGT TTT AAT TAG ACA GTC GGA TTC C-3’), and 28S4FCT (5’-

CTT CGG GAT AAC GAT TGG CTC TAA G-3’) – 28S5RCT (5’-GAG TCA AGC TCA ACA 

GGG TCT TCT T-3’). PCR amplicons were purified and sequenced bidirectionally by Macrogen 

Europe’s EZ-seq direct service. The resulting sequences were checked by eye in Geneious and the 

overlapping sequences were stitched back together to produce partial sequences of ~2,300bp length. 

Designing and amplifying the genomic primers 

Transcriptomes sequenced for large clonal populations of Rotaria socialis, R. magnacalcarata, R. 

sordida, and R. tardigrada (Eyres 2013) were aligned by IE with orthologous regions present in the 

Adineta ricciae genome (Boschetti et al. 2012). Briefly, between 140 and 300 individuals of each s 

were collected by IE and DF from Silwood Park, Ascot, UK in 2012. RNA was extracted from these 

monospecific colonies using an RNeasy Mini kit (Qiagen) and purified by ethanol precipitation. 

cDNA libraries were prepared from the extracted RNA using the SMART PCR cDNA Synthesis kit 

and an Advantage 2 PCR Enzyme System (Clontech). These libraries were sequenced by The Eastern 

Sequence and Informatics Hub (University of Cambridge, http://www.easih.ac.uk). Illumina 
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sequencing was performed in a single HiSeq lane for one cDNA library per s and assembled with the 

Trinity assembler (Grabherr et al. 2011). Transcriptomes were compared to the Adineta ricciae 

transcriptome (Boschetti et al. 2012). In total, 799 different transcripts present in all five s were 

aligned. Each of the alignments was scored on an alien index (i.e. sequences that have non-Metazoan 

origins) and compared between each s for dN/dS ratios to identify the degree of selective pressure on 

each gene. 

In this study, the alignments were sorted by percentage of identical sites and alignments under 65% 

were pruned to conservatively remove non-orthologous alignments. Each alignment was quality 

checked by eye in Geneious. Primers were designed for all of the alignments using the Primer3 

(Untergasser et al. 2012) plugin with a minimum and optimal melting temperature of 45°C and 50°C, 

respectively, but otherwise default settings. Primers were successfully designed for 326/799 

alignments, of these, 24 primer pairs with a range in dN/dS ratio and origin (16 native, 8 alien) were 

screened by PCR using four genomic DNA extracts from lab cultures provided by CGW (Adineta 

riccae, Adineta vaga, Habrotrocha bidens, and Habrotrocha elusa elusa). Each collection contained 

at least 100 individuals that were cleaned in ddH2O and extracted using the modified Chelex protocol 

described in the main Methods section. 

PCRs were performed using 12.5μl of REDTaq ReadyMix PCR Reaction Mix (Sigma, Vienna, 

Austria), 2μl of each primer (10mM), 2μl of template DNA (or PCR amplicon: 10-50ng) and ddH20 

up to a total volume of 25μl. A touchdown PCR was performed with the following cycle conditions: 

initial denaturation at 95°C for 5minutes, followed by 15 cycles of denaturation at 95°C for 1 minute, 

annealing at 60°C (dropping down 1°C per cycle down to 45°C) for 1 minute, and elongation at 72°C 

for 1 minute, and then 20 cycles of 95°C for 1 minute, 50°C for 1 minute, and 72°C for 1 minute, and 

lastly a final elongation at 72°C for 5 minutes. Of these 24 primer pairs, 686 and 1054 were most 

consistently amplified; these PCR amplicons were subsequently purified and sequenced by Macrogen. 

Fragment 1054 is non-Metazoan in origin and has a gene ontology matching to a 

phosphonoacetaldehyde hydrolase. Fragment 686 does not have a sufficiently similar match on 

GenBank, its top BLASTx hit is a ubiquitin-associated and sh3 domain-containing protein b.
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Supplementary File S6.1: Arriving at the final phylogeny 

Introduction 

Phylogenetic analyses are affected by the input and the parameters of the model used to reconstruct 

the phylogeny. For this bdelloid phylogeny, given that bdelloid rotifers are ancient asexuals with no 

recombination by meiosis (Flot et al. 2013), it was assumed beforehand that the five different loci 

would be congruent with each other. Several phylogenetic analyses, described below, revealed 

incongruence among the different loci. Separate phylogenetic analyses were performed to gauge the 

effect of (1) using amino acid alignments instead of nucleotide alignments, and (2) separate analysis 

of the five loci. 

(1) Different genetic loci are appropriate for different scale phylogenetic analyses. Analysis of higher 

taxa is confounded by rapidly evolving genes, while conserved genes like 18S and 28S rDNA are 

more suited for deeper scale phylogenies because they are less likely to become saturated. Protein 

coding genes have more redundancy in their sequences, and if they evolve rapidly then these will be 

particularly prone to genetic saturation. Saturated sequences are not representative of the mutational 

history of that gene, and ultimately lead to erroneous, nonphylogenetic signal (Jeffroy et al. 2006). 

Sequence saturation can be observed by investigating biases at certain codon position for each protein 

coding loci, such that the prevalence of high GC at the third codon position (GC3) will be indicative of 

either purifying selection for protein stability (due to the extra covalent bond between pyrimidines) or 

increased time for saturation. This is important to identify because if s independently acquire codon 

bias at certain codon positions (e.g. high GC3) then these sequences would be attracted to each other 

in phylogenetic analyses irrespective of whether these reflationary have any evolutionary justification. 

Protein coding genes can be useful for deeper phylogenetic analyses because the amino acid sequence 

will be more conserved than the nucleotide sequence, and these amino acid sequences will be less 

biased by genetic saturation. 

(2) Different loci might be under different evolutionary stresses and so may evolve along different 

trajectories. Congruency of the genes, while being more likely in a putatively linked genome, cannot 

be assumed. Comparison of phylogenies built separately for each locus is necessary to identify 

potential sources of bias. 

Combining the results of these two lines of inquiry will allow for the justification of one tree over 

another.
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Methods 

Fifty two BEAST trees were generated with different combinations of alignments (i.e. five nucleotide 

alignments, three nucleotide and two amino acid alignments, or two nucleotide and three amino acid 

alignments), different topological constraints (none, genera, families, and orders), and separately for 

the unlinked loci. These different alignments suffer from different levels of saturation; this was 

ascertained by codon bias analyses. Separate gene trees were reconstructed for each of the five loci, 

and for three different concatenations of those loci. To judge the effect of topological constraints on 

the phylogenetic model, genera, families, and orders were constrained for each of the three different 

concatenated alignments and for each of the separate loci. Topologies were compared between each of 

the 52 trees using the Robinson-Fould symmetry metric (Robinson and Foulds 1981) and 

Compare2Trees (Nye et al. 2006). Branch lengths among the trees were compared using a branch 

length score metric (Kuhner and Felsenstein 1994). Bayes factor analyses (Kass and Raftery 1995; 

Suchard et al. 2005) were used to compare the likelihood of analyses with different topological 

constraints. Figure S1 depicts a schematic of this workflow. 

Codon bias 

To identify the level of genetic saturation for the three protein coding genes (COI, 686, and 1054), the 

GC content and GC3 codon bias for the protein coding loci, were calculated from the alignments using 

DnaSP v5.10 (Librado and Rozas 2009). Using BEAST, three different concatenated alignments were 

used to reconstruct phylogenies (described below). Specifically, trees had either 1) nucleotide 

alignments for each of the five loci, or 2) nucleotide alignments for 18S, 28S, and COI, and amino 

acid alignments for 686 and 1054 (GC3 rich nuclear protein coding genes), 3) nucleotide alignments 

for 18S and 28S, and amino acid alignments for 686, 1054, and COI (all protein coding genes). 

Phylogenetic analyses 

Time calibrated phylogenies were reconstructed using BEAST v1.7.5 (Drummond and Rambaut 

2007). The priors for the analyses were set using BEAUti v 1.7.5. Trees were reconstructed using the 

best fitting substitution model (jModelTest) and protein evolution model (ProtTest). The evolutionary 

rate for each locus followed a lognormal relaxed clock. The evolutionary rate for the COI nucleotide 

alignment, 1.76% MYR
-1

, was selected based on Wilke et al. (2009), and the evolutionary rate for 

18S, 0.02% MYR
-1

, was selected based on Ochman (1987) and Bargues et al. (2000). For 28S, COI 

(amino acid), 686 (amino acid and nucleotide), and 1054 (amino acid and nucleotide), BEAST was 

used to estimate the evolutionary rates with a normally distributed sampling regime. A birth-death 

speciation process with a random start tree was used for each tree. Four independent runs were 

conducted with the MCMC samples every 1,000 generations for 100,000,000 generations run on the 

CIPRES Science Gateway (Miller et al. 2010). After checking the convergence of these runs using 

Tracer v1.5.0 (Rambaut and Drummond 2009), a 10% burnin for each run was removed, the runs 
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were then amalgamated and resampled using LogCombiner v1.7.5 to provide a total of >40,000 trees. 

TreeAnnotator v1.7.5 was used to summarise a maximum credibility tree with tree node heights kept. 

Given the results of the topological comparisons (described below), a maximum likelihood tree was 

built (described in the main Methods section) using the preferred concatenated alignment. An 

additional BEAST tree, was built excluding the nuclear loci. 

To test the monophyly of the higher taxa, we performed four separate BEAST analyses with varying 

levels of topological constraints based on the taxonomy of higher taxa: 1) no taxonomic constraints 

(described above), or 2) sequences belonging to polytypic genus, 3) family, or 4) order were 

constrained to be monophyletic. The likelihood outputs of each of the four constrained models were 

compared to each other using Bayes factors. Bayes factors are the harmonic mean of the likelihood of 

the posterior, differences among the models are deemed strong, very strong and decisive if the 

difference between the logarithms of the Bayes factors are 2.3-3.4, 3.4-4.6, and >4.6, respectively 

(Kass and Raftery 1995). Bayes factors were computed for every pairwise combination of the four 

models with 10,000 bootstrap replicates within Tracer. While model selection with marginal 

likelihood estimated using harmonic means is known to underestimate the marginal posterior 

probability of the model, they are computational inexpensive. Other methods are available for model 

comparison (i.e. path sampling or stepping-stone sampling) but these are typically prohibitively 

computationally demanding (Baele et al. 2012) for the factorial inter-model (e.g. unconstrained vs. 

order-constrained) comparisons performed here. 

Topological comparison 

Various measures were used to compare topological congruency between 52 trees. First, unlinked 

trees were reconstructed for each of the loci and each of the topological constraints using BEAST and 

the same parameters as described above. The pairwise global topological similarity of each of the 52 

pairwise tree combinations were calculated using Compare2Trees (Nye et al. 2006). Symmetric 

difference (Robinson-Foulds metric; Robinson and Foulds 1981) and branch length distance  among 

the 2704 pairwise tree combinations were computed using the phangorn v1.99-7 (Schliep 2011) 

package in R v2.15.1 (R Core Team 2014). Symmetric distance is the sum of the number of internal 

partitions that exist in one tree but not the other and is negatively related to the topological similarity 

of the two trees. Kuhner and Felsenstein’s branch score is the sum of squares of the differences 

between the branch lengths between the two trees, where an increased score is indicative of 

increasingly incongruent trees. 

Statistics 

The average node support for each of the trees was compared using generalised linear models (GLM) 

with node support values as the response variable, and locus, alignment type, and topological 

constraints as the explanatory variables. The overdispersed nature of the proportion data made the 
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quasibinomial error family appropriate. The minimum adequate model was simplified from the most 

complex model in a stepwise manner using Χ
2
 tests. A Tukey post hoc test was performed using the 

multcomp package v1.3-1 (Hothorn et al. 2008) to compare factor levels. All analyses were performed 

in R.
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Results 

In total 52 different phylogenetic trees were reconstructed, these differed in the alignment, loci, and 

constraints used. Codon bias analyses of the three protein coding genes, specifically the high GC3 

content, indicates that the nuclear genes (686 and 1054) are saturated; lower GC3 content for COI, 

however, indicates that this gene is not (Table 6.2). Topological comparisons (Table S6.5), but not 

branch length comparisons (Table S6.6), between each of the 52 trees indicate that, irrespective of 

topological constraint or whether they are nucleotide or amino acids, the genes 686 and 1054 are more 

incongruent to the other three genes. 

Differences in node support values between each of the trees was explained by the different loci, 

rather than the different combinations of amino acid and nucleotide alignments or the topological 

constraint. Concatenated trees resulted in significantly higher average node support than any of their 

constituent loci, while the average support for trees based on 686 or 1054 alone were significantly 

lower than the other trees (Table S6.7; Fig. S6.2). 

These differences however may be hampered by the lower level of sampling in 686 and 1054 (Table 

6.2). 

For each of the different concatenated alignments, unconstrained trees are most likely, followed, in 

order of likeliness, by trees constrained by genus, family and order (Table S6.8). Both unlinked and 

linked analyses indicate that bdelloid higher taxa are polyphyletic entities with hard incongruences 

with varying levels of support depending on the parameters of the analysis. 

The concatenated alignment consisting three nucleotide alignments (for 18S, 28S, and COI) and two 

amino acid alignments (686 and 1054) was deemed the most plausible given the degree of genetic 

saturation for 686 and 1054, and the crown age of the clade. Given the incongruence of 686 and 1054, 

however, both this tree and a three gene tree (686 ad 1054 excluded) are presented in greater detail in 

the main manuscript. Concatenation of these loci provides enough variation to evaluate the deeper, 

higher taxonomic relationships of the group, while providing the highest average node support. 

Figure S6.1 Workflow of the 29 phylogenies and their comparison. 
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Figure S6.2 Node support value distributions obtained from phylogenetic reconstruction of loci 

(686, 1054, 18S, 28S, and COI) analysed separately and concatenated.
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Supplementary File S6.2: Alternative phylogenies 

Given the results of Supplementary File S6.1, namely that the trees generated using the genetic loci 

686 and 1054 were less congruent with the other genes, the preferred tree was reconstructed using a 

concatenated alignment comprising: three nucleotide alignments (18S rDNA, 28S rDNA, and COI 

mtDNA) and two amino acid aligments (686 nuDNA and 1054 nuDNA). To identify whether this tree 

was biased by the method of phylogenetic reconstruction, the same concatenated alignment was used 

to reconstruct a maximum likelihood tree. Additionally, a BEAST analysis excluding the incongruent 

686 and 1054 was performed using the protocol described in Supplementary File S6.1 (Fig. S6.3). 

The maximum likelihood tree (Fig. S6.4) was reconstructed using Randomised Accelerated Maximum 

Likelihood (RAxML - Stamatakis 2006) through raxmlGUI (Silvestro and Michalak 2011). For the 

RAxML analysis, a gamma model of rate heterogeneity and a maximum likelihood search, with 

proportion of invariable sites estimated, was used for the nucleotide partitions (Table S6.3), and the 

appropriate protein evolution model for the amino acid partitions (Table S6.4). 

The topology and level of support of each of these three trees were compared. The preferred tree was 

topologically similar to the ML (75.5%) and the alternative three gene tree (71.3%), but had higher 

average support (0.89 vs. 59% and 0.79, preferred, ML (bootstrap support), and alternative, 

respectively). 

Figure S6.3 Phylogenetic trees inferred by Bayesian inference with the most likely substitution 

model for each of the three loci (18S rDNA, 28S rDNA, and COI mtDNA). 

Posterior probability values are shown as clade support at the nodes. The scale bar represents the age 

(MYR) of the clade. 

Figure S6.4 Phylogenetic tree inferred by maximum likelihood using RAxML.



Chapter 6: Supplementary Materials 

203 

 

 



Chapter 6: Supplementary Materials 

204 

 



Chapter 6: Supplementary Materials 

205 

 

Table S6.1 Literature review of studies using bdelloid s, and the type of investigation 

(experimental vs. survey). 
Found on the attached CD, or available upon request. 

 

Table S6.2 Sequences used to design new primers 

Gene Class Genus S Accession 

18S Bdelloidea Adineta vaga DQ089733 

18S Bdelloidea Anomopus telphusae DQ089732 

18S Bdelloidea Mniobia russeola AJ487049 

18S Bdelloidea Philodina acuticornis U41281 

18S Bdelloidea Rotaria rotatoria DQ089736 

18S Monogononta Brachionus patulus AF154568 

18S Monogononta Brachionus plicatilis U29235 

18S Monogononta Epiphanes senta DQ089735 

28S Bdelloidea Adineta vaga DQ089739 

28S Bdelloidea Anomopus telphusae DQ089741 

28S Bdelloidea Philodina roseola AY210469                 

28S Bdelloidea Rotaria rotatoria DQ089743 

28S Monogononta Asplanchna sieboldi AY829085 

28S Monogononta Brachionus patulus AY829084 

28S Monogononta Brachionus urceolaris DQ089740 

28S Monogononta Epiphanes senta DQ089742 

28S Monogononta Lecane bulla AY829083 

 

Table S6.3 Best evolutionary model from 88 evolutionary models tested for each of the five loci 

(686 nuDNA, 1054 nuDNA, 18S rDNA, 28S rDNA, and COI mtDNA). 
For each locus, output from the other 87 models can be found on the attached CD, or is available upon request. 

Locus Model -lnL AIC BIC DT 

686 GTR+I+G 1435.596 3055.1919 3385.9053 345.507 

1054 GTR+I+G 3591.088 7366.1759 7742.7843 331.344 

18S GTR+G 7228.908 14639.815 15166.806 96.603 

28S GTR+I+G 12454.36 25092.716 25645.852 30.4897 

COI GTR+I+G 9815.58 19815.16 20236.706 1.6575 

 

Table S6.4 Best protein model from 112 protein models tested for each of the protein coding loci 

(686 nuDNA, 1054 nuDNA, and COI mtDNA). 
For each locus, output from the other 87 models can be found on the attached CD, or is available upon request. 

Locus Model AIC -lnL 

686 HIVb+I+G 1444.63 -679.32 

1054 JTT+G 3777.92 -1842.96 

COI MtREV+G+F 5348.04 -2575.02 
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Table S6.5 Pairwise symmetry metric topological comparisons values (Robinson-Fould metric; 

upper triangle) and topological comparisons percentages (Compare2Trees metric; lower triangle) 

between each of the 52 different phylogenies. 

The average node support and the number of nodes with more than 0.9 Bayesian probability support 

for each tree are shown. In the alignment column, 5 corresponds to a phylogenetic analysis with five 

nucleotide alignments, 3 corresponds to three nucleotide alignments and two amino acid alignments, 

and 2 corresponds to two nucleotide alignments and three amino acid alignments. 
Found on the attached CD, or available upon request. 

 

Table S6.6 Pairwise branch length score comparisons values between each of the 52 different 

phylogenies. 

The average node support and the number of nodes with more than 0.9 Bayesian probability support 

for each tree are shown. In the alignment column, 5 corresponds to a phylogenetic analysis with five 

nucleotide alignments, 3 corresponds to three nucleotide alignments and two amino acid alignments, 

and 2 corresponds to two nucleotide alignments and three amino acid alignments. 
Found on the attached CD, or available upon request. 

 

Table S6.7 Tukey comparison explaining differences between the phylogenetic node support 

values reconstructed using different genetic loci. 

Comparison Estimate Std. Error Z P 

18S - 1054 1.05 0.13 8.32 <1e-04 

28S - 1054 0.91 0.13 7.13 <1e-04 

28S - 18S -0.14 0.11 -1.28 0.79 

686 - 1054 -0.02 0.14 -0.16 1 

686 - 18S -1.07 0.13 -8.46 <1e-04 

686 - 28S -0.93 0.13 -7.27 <1e-04 

COI - 1054 1.80 0.13 14.32 <1e-04 

COI - 18S 0.75 0.11 6.79 <1e-04 

COI - 28S 0.89 0.11 8.01 <1e-04 

COI - 686 1.82 0.13 14.43 <1e-04 

concatenated - 1054 3.38 0.14 24.87 <1e-04 

concatenated - 18S 2.33 0.12 19.09 <1e-04 

concatenated - 28S 2.47 0.12 20.12 <1e-04 

concatenated - 686 3.40 0.14 24.94 <1e-04 

concatenated - COI 1.58 0.12 12.99 <1e-04 
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Table S6.8 Bayes factor analysis used to compare the likelihood of different phylogenetic models with different 

levels of taxonomic constraint (none, genera, families, and orders). 

Different alignments, linked and unlinked by loci, were analysed separately. The best model by topological constraint 

is emboldened. 

Nulceotide: 

Protein 
Gene Constraint 

Crown 

age 

(MYR) 

Height 

(MYR) 

Lower 

95% 

HPD 

Upper  

95% 

HPD 

ln P S.E None Genus Family Order 

5:0 18S rDNA None 66.19 56.96 50.00 65.07 -29381.91 ± 1.105 - 30.43 47.23 51.51 

 28S rDNA  45.85 58.12 37.85 83.95        

 COI mtDNA  80.80 52.65 32.78 77.81        
 686 nuDNA  49.25 56.01 35.47 81.06        

 1054 nuDNA  76.03 64.51 44.43 88.23        

5:0 18S rDNA Genus 47.25 56.53 36.29 80.51 -29451.98 ± 0.968 -30.43 - 16.79 21.08 
 28S rDNA  64.82 55.52 37.06 77.23        

 COI mtDNA  53.43 50.72 32.42 71.67        

 686 nuDNA  44.47 53.52 35.16 74.88        
 1054 nuDNA  57.34 61.62 42.58 82.61        

5:0 18S rDNA Family 52.60 56.76 36.58 80.94 -29490.65 ± 0.632 -47.23 -16.79 - 4.29 

 28S rDNA  52.18 55.94 37.22 77.78        

 COI mtDNA  42.07 51.23 32.96 72.18        

 686 nuDNA  60.09 53.66 35.68 75.38        

 1054 nuDNA  63.52 62.28 43.74 83.86        
5:0 18S rDNA Order 69.49 56.06 35.91 80.55 -29501 ± 1.331 -52 -21 -4 - 

 28S rDNA  59.10 55.73 36.61 77.59        

 COI mtDNA  61.00 50.88 32.03 72.67        
 686 nuDNA  52.92 53.79 35.64 75.53        

  1054 nuDNA   54.54 61.91 43.10 83.99             

5:0 Concatenated None 71.67 61.90 38.46 91.23 -30008 ± 0.275 - 229 245 218 
5:0 Concatenated Genus 102.50 70.79 45.31 97.70 -30535 ± 0.267 -229 - 16 -11 

5:0 Concatenated Family 50.11 46.13 36.09 57.55 -30572 ± 0.262 -245 -16 - -28 

5:0 Concatenated Order 41.10 47.07 36.19 58.91 -30509 ± 0.305 -218 11 28 - 

3:2 18S rDNA None 207.64 394.72 69.23 1016.62 -26890 ± 0.345 - 15 24 22 

 28S rDNA  293.18 360.57 56.42 902.39        

 COI mtDNA  141.32 122.86 59.67 189.47        
 686 nuDNA  268.59 315.93 78.02 771.18        

 1054 nuDNA  164.85 281.33 49.82 906.91        

3:2 18S rDNA Genus 91.19 342.12 60.32 812.12 -26925 ± 0.384 -15 - 9 7 

 28S rDNA  192.30 255.78 59.70 524.10        

 COI mtDNA  150.24 127.67 60.64 195.82        

 686 nuDNA  177.87 575.41 116.87 1270.14        
 1054 nuDNA  413.79 270.99 59.50 861.11        

3:2 18S rDNA Family 985.13 256.95 60.58 608.88 -26945 ± 0.409 -24 -9 - -2 

 28S rDNA  203.16 260.47 50.42 844.82        
 COI mtDNA  117.49 493.53 98.19 1095.14        

 686 nuDNA  191.29 275.39 64.50 725.20        

 1054 nuDNA  189.92 109.98 61.34 169.33        
3:2 18S rDNA Order 407.37 359.14 61.64 909.81 -26941 ± 0.401 -22 -7 2 - 

 28S rDNA  819.27 332.35 74.04 750.14        

 COI mtDNA  78.48 120.01 59.90 185.23        
 686 nuDNA  183.48 225.72 57.96 503.83        

  1054 nuDNA   540.28 302.92 52.95 970.16        

3:2 Concatenated None 47.13 51.77 42.49 61.08 -28595 ± 0.051 - 127 291 290 
3:2 Concatenated Genus 56.68 53.36 43.93 64.44 -28887 ± 0.155 -127 - 164 163 

3:2 Concatenated Family 27.22 26.75 22.86 30.70 -29264 ± 0.1 -291 -164 - -1 

3:2 Concatenated Order 23.07 26.77 22.93 30.97 -29262 ± 0.099 -290 -163 1 - 

2:3 Concatenated None 9.72 13.16 7.80 19.26 -20208 ± 0.288 - 172 185 179 

2:3 Concatenated Genus 10.94 11.39 7.15 16.46 -20605 ± 0.21 -172 - 13 7 

2:3 Concatenated Family 10.72 10.45 7.22 14.25 -20635 ± 0.42 -185 -13 - -6 
2:3 Concatenated Order 14.29 10.54 7.36 14.36 -20621 ± 0.218 -179 -7 6 - 
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