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Abstract

The study of species appearance and disappearance at the geological scales is the
main topic of my doctoral work. The joint use of reconstructed phylogenies and of
methods identifying changes in extinction and speciation rates through the ages
deepens our knowledge of the mechanisms explaining current day biodiversity.
During my project, I use simulations and different methods for quantifying biodi-
versity changes to try to address the question of the influence of the genome onto
the apparition of new species. In particular, I focus on the possibility for lineages
to be more likely to form new species after a duplication of their genome. To
do so, I first develop an algorithm simulating phylogenies, incorporating different
types of macro-evolutionary events, such as a sudden increase of the number of
species appearing, or their abrupt extinction, to test the power and specificity of
commonly used methods set to detect such events. Then, I use biological data,
from ray finned fishes and plant lineages, where genome duplications had been
identified, to determine how these events shape the patterns of the apparition of
species. In the first part of my work, I show that methods used are sufficiently
robust to correctly identify changes in diversification tempos, even when simula-
tions included noise. In the second part, I find a number of evidences indicating
that if genome duplication in ray finned fishes had an influence on the appearance
of species, it could not be detected a long time after the genomic event, as was
proposed by some authors. In the last part of my work, I show using data from
around sixty plant genera, that genome duplication is concomitant to the appari-
tion of new species in around half of the cases. In general, this work builds on
the rich debate regarding the study of long term consequences of genome dupli-
cation and brings some proof indicating its limited repercussion upon the success

of species at the geological scale.
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Résumé

L’étude de D'apparition et de la disparition des espéces a 1’échelle des temps
géologiques est au centre de mon travail de doctorat. L’utilisation conjointe
de reconstructions d’arbres phylogéniques et de méthodes identifiant les change-
ments de taux d’extinction et de spéciation a travers les ages permet d’améliorer
notre compréhension des mécanismes expliquant la biodiversité observée de nos
jours. Dans mon projet, j’ai utilisé d’une part des simulations et d’autres part
différentes méthodes de quantification des changements de la biodiversité afin
d’essayer d’adresser la question de I'influence du génome sur I'apparition de nou-
velles espéces. Notamment, je me suis intéressé a la possibilité pour les lignées
d’étre plus aptes a former de nombreuses espéces aprés la duplication de leur
génome. Pour cela, j’ai dans un premier temps développé un algorithme de sim-
ulation d’arbre phylogénique incorporant différents types d’événements, tels que
la soudaine augmentation du nombre d’espéces qui apparaissent, ou leur extinc-
tion subite, afin de tester la puissance et la spécificité des méthodes couramment
employées pour les détecter. Dans un second temps, j’ai utilisé des données bi-
ologiques, provenant d’espéces de poissons a nageoires rayonnées ainsi que de
plantes, chez lesquelles des duplications de génome avaient été identifiées, afin
de chercher les conséquences de ces événements sur le processus d’apparition des
espéces. Dans la premiére partie de mon travail, j’ai trouvé que les méthodes
que nous utilisions étaient suffisamment robustes pour identifier correctement
les changements de tempo d’apparition d’espéces, méme lorsque les simulations
avaient été réalisées avec du bruit. Dans la seconde partie, j'ai trouvé un cer-
tain nombre d’indices laissant penser que si la duplication de génome chez les
poissons a nageoires rayonnés avait une influence sur 'apparition des espéces,
cet effet n’était pas observé longtemps aprés I’événement génomique, comme cer-
tains auteurs ’avaient proposé. Dans la derniére partie, je montre que, d’apreés les
données d’une soixantaine de genres de plantes, la duplication de génome arrive
simultanément avec ’apparition d’une nouvelle espéce dans environ la moitié des
cas. Dans 'ensemble, ce travail s’inscrit dans le foisonnant théme de 1’étude des
conséquénces évolutives de la duplication de génome, et améne quelques preuves
laissant penser que la duplication de génome a des répercussions limitées sur le

succeés des espéces a ’échelle des temps géologique.
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Chapter 1
Introduction

The aim of my work will be to investigate the link between whole genome dupli-
cations and the evolutionary success of lineages. In particular, I will study how
whole genome duplications have been related to speciation processes, and after
introducing the molecular and cellular effects of gene and genome duplications, I
will endeavour to look for the large scale impacts of whole genome duplications,

at the level of species and lineages, using simulated and real biological data.

1.1 Duplication mechanisms

Whether evolution is mostly governed by neutral or selective processes is still
debated today (Nei, 2005; Wagner, 2008), but both mechanisms can only be
seen as mere choosing algorithms, without any creative power. The appearance
of novelties requires other phenomena: mutation and recombination have been
recognized as having the potential to bring new functionalities to the host that
experiences them. Among mutations, duplication has been studied from the be-
ginning of the 20 century (reviewed in Taylor and Raes (2004)). Similarly to
human progress and innovations, that seem more likely by progressive tinkering
and building upon previous findings, evolving new functions would naively appear
to us more probable by using material that has already been selected to perform

some other function, rather than ez nihilo. At the same time, throwing away
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something that has been working for millions of years might not seem a sensitive
move, as new functionalities can always be built using the simplest blocks, akin
to using the thousand-year old wheel invention to create bikes during the 19"

century.

Gene duplications in a host can happen through a variety of mechanisms.
Appearance of retrocopies can occur when a mature mRNA is recruited by the
retrotranposition molecular machinery encoded by transposable elements litter-
ing most eukaryotic genomes, and inserted back into the genome (Zhang, 2003).
As the mRNA lacks introns and flanking promoter sequence, the new gene can be
distinctively recognized as retrocopy and is usually assumed to be nonfunctional
(Hurles, 2004). Nevertheless, examples of functional retroposed genes have now
been identified in most organisms, notably in mammals and Drosophila (Kaess-
mann et al., 2009). Moreover, correlation between expression of parental and
retroposed gene copies has been observed in zebrafish (Zhong et al., 2015), sug-
gesting the possibility of co-retrotransposition of the flanking sequences along
with the gene. The origin of the mRNA from which the gene was copied can
help explaining this finding: because retrotransposable elements have weak tran-
scription stop sites, their mRNA intermediates can sometimes incorporate neigh-
bouring downstream genes, along with their promoters (Lynch, 2007). Upon
retrotransposition of the mRNA, the passenger gene will also include its pro-

moter sequemnces.

Segmental duplications, resulting in the addition of one to a few genes in the
host, can happen as well through unequal crossing-over or gene capture during
DNA repairs (Lynch, 2007). These duplications typically include neighbouring
elements promoting the expression of the gene, thus the additional product is
usually expected to be functional from its apparition. All these mechanisms usu-
ally result in the duplication of a small part of the genome, but the amplification
of a large number of genes, through whole genome duplication in particular, is

also known to happen.

Indeed, wider disturbances in the genome, such as chromosomal aberrations,
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can drive the addition of an elevated number of gene copies. Abnormal number
of homologous chromosome copies, known as aneuploidy, are frequently found
in tumor cells or involved in different human syndromes. Nevertheless, the du-
plication of all chromosome copies, known as polyploidization or whole genome
duplication — that can arise through a variety of mechanisms (figure 1.1) — do
not necessarily lead to immediate adverse effect in every host. As a matter of
fact, Hugo de Vries, an early 20" century botanist, when studying the primrose
genus Oenothera, accidentally observed the non-detrimental effect of such chro-
mosome number variation, when he proposed his “Mutation” theory, whose name
lived on, although not its essence (discussed by Endersby (2013) and Nei and
Nozawa (2011)). I will now focus onto the historical studies of the identification
of polyploidy to present how our current view of the presence of whole genome

duplications across the tree of life has emerged.

1.2 Identification of polyploidy

When de Vries discovered, at the same locality, individuals of widely diverging
phenotypes belonging to what he thought to be the O. lamarckiana complex,
de Vries (1904) put forward that saltationism led to the — almost instantaneous
— apparition of new species, not the gradual accumulation of slight variations
from one generation to another, generally accepted by Darwin and his followers.
Among the varieties of O. lamarckia he identified, the ones he named gigas, be-
cause of their unusual density of leaves and robustness, and nanella, because of
their dwarfish aspect, are of particular interest. On subsequent studies (de Vries
and Boedijn, 1923), he identified O. nanella as carrying 14 chromosomes, whereas
0. gigas had 28. Following experiments in breeding the organisms and creating
hybrids, he also added to the list O. semigigas, of intermediate phenotype, car-
rying 21 chromosomes (de Vries, 1915). Those changes in chromosome number
were not due to independent duplications of particular chromosomes, but to a
change in ploidy — the number of homologous chromosome sets present in the
organism — occurring through mitotic or meiotic error leading to the duplication

of the entire chromosomal collection (figure 1.1). Although de Vries granted us
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Figure 1.1: Different pathways towards polyploidy. Orange ovals are individuals, light
violet disks unreduced gametes carrying the same number of chromosome
as the individuals that generated them, brown disks other types of gametes,
balanced or unbalanced. Full lines represent fertilization and dotted lines ga-
metogenesis. At a low rate, diploids individuals will give rise to unreduced
gametes, carrying 2n chromosomes. If, by chance, fertilization of two unre-
duced gametes occur, a tetraploid individual will be born (I). However, as
unreduced gametes are rare, it is more likely that fertilization will happen
with a haploid gamete, leading to the formation of a triploid individual. This
individual will produce unbalanced gametes (center, not exhaustive), bal-
anced diploid (bottom) or haploid gametes, or unreduced gametes (top).
Tetraploids can thus arise through fertilization of this unreduced triploid
gamete with a haploid one (II) or through selfing, if possible in the species
under consideration, of diploid gametes (III). Somatic mutations, spontaneous
doubling of the chromosome number before the origination of reproductive
organs are also theoretically possible (IV) (Mason and Pires, 2015).

with one of the first example of how ploidy levels had an effect on the phenotype
of an organism, his theory of “mutationism” was discarded and he is nowadays
mostly remembered as one of the scientists having rediscovered Mendel’s inheri-

tance laws.

Polyploidy, the state of carrying more than two copies for every homologous
chromosomes, was extensively studied from the twenties (discussed by Ramsey
and Ramsey (2014)). Biologists realized early on that many angiosperms species

or even genera showed variation in their ploidy levels (Miintzing, 1927), acquired
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through natural evolution or human selection. Wheat varieties, providing over-
all almost 20% of the worldwide calorie intake (Food and Agriculture Organi-
sation, 2011), have been recognized as different polyploid forms almost a cen-
tury ago (discussed by Feldman et al. (2012)). Gametes of the wild members of
the Triticum and Aegilops genera carry 7 chromosomes (Feldman et al., 2012),
whereas Triticum turgidum durum, used for pasta production, is an allotetraploid,
a polyploid hybrid between two species of the different genera and carries 14
chromosomes (The International Wheat Genome Sequencing Consortium, 2014).
The most cultivated wheat, Triticum aestivum, used for bread preparation, is an
hexaploid hybrid between Triticum turgidum durum and another Aegilops species

(figure 1.2) with 21 chromosomes.

A genome lineage B genome lineage
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Figure 1.2: Genomic relationships of cultivated wheats with respect to wild members
of the Triticum and Aegilops genera. Chromosome numbers are schemati-
cally represented for the gametophytic state. Adapted from The International
Wheat Genome Sequencing Consortium (2014)

Counting the number of chromosomes with a microscope was feasible at the

beginning of the genetics era, but determining the origin of each chromosome
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in the polyploid complex of Triticum, for instance, was out of the reach of the
carly 20" century scientists. Moreover, even though they suspected that poly-
ploidization had an effect on land plant evolution given its present-day prevalence
(Miintzing, 1927), they had no tools to determine experimentally if lineages had
experienced and fixed whole genome duplications, an event sometimes called pale-
opolyploidization (see for instance Renny-Byfield et al. (2015)). With the advent
of the molecular sequencing techniques, a variety of methods can be used to
identify and date the occurrence of past whole genome duplications, such as the
analysis of synonymous mutations (K or dg) between duplicated pairs of genes
— paralogs — inside a genome (Barker et al., 2009; Vanneste et al., 2013). The
massive number of paralogs created after polyploidization — sometimes called
ohnologs in honor of Susumu Ohno, who hypothesized early on about the evolu-
tionary consequences of whole genome duplications (Ohno, 1970) — leaves dis-
tinctive peaks in the distribution of dg, and if the substitution rate of the species
under consideration is known, the timing of the event can be approximately de-
termined (Blanc and Wolfe, 2004). For whole genome duplications happening
far in the evolutionary past, divergence preventing the recognition of paralogs or

genetic saturation impedes good results of this technique.

A more formal evidence of paleopolyploidy can be given by studying syntenic
regions inside genomes (Abrouk et al., 2010). Syntenic regions are traditionally
defined as portions of chromosome carrying a number of different genes loci. The
identification, in a single genome or between genomes of various species, of syn-
teny regions exhibiting homologous gene loci, can tell us about the evolutionary
past of duplications: if two syntenic regions of a species are systematically ho-
mologous to a single region in another species, whole genome duplication is likely
to have occurred in the lineage leading to one but not to the other. The Bras-
sicaceae family, comprising more than 3000 plant species, provides a fascinating
example of polyploidization and chromosomal rearrangements (figure 1.3). It
thus appeared that, even Arabidopsis thaliana with as few as 5 chromosomes, can
be a paleopolyploid (The Arabidopsis Genome Initiative, 2000): given enough
time, diploidization, the phenomenon of going back to a diploid state through

chromosomal fusion, loss, or fractionation (Leitch et al., 2004), prevents the iden-
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tification of polyploids by mere counting. Both methods, relying on the study of
substitutions between ohnologs or simply their recognition, depend on the ability
to identify the gene duplicates that are maintained into the genome after whole

genome duplications.

As my work will focus onto the long term dynamics of lineages after whole
genome duplications, and as the processes happening at the lineage scale will
partly hinge on the genomic substrate that will be preserved after polyploidiza-
tion, I will now mention the current state of the literature regarding how genes

are kept following duplications.
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Figure 1.3: (Previous page) Representation of the syntenic regions between 6 land plants
species. Amborella trichopoda is an endemic New Caledonian species which is
assumed to be the sister species of every other angiosperm plant. The gamma
triplication is one of the oldest duplication currently identified in angiosperms
and is thought to have occurred after the divergence with the lineage lead-
ing to Amborella trichopoda, hence the 1:3 ratio between syntenic regions
of this species and the eudicot Vitis vinifera (Amborella Genome Project,
2013). Two additional paleopolyploidizations, termed alpha and beta, have
been recognized somewhere along the branch leading to the ancestor of all
Brassicaceae, after its divergence with the ancestor of Carica papaya (Soltis
et al., 2009). Thus most Vitis vinifera genomic regions have 4 homologs in
Arabidopsis thaliana. Extensive chromosomic rearrangements in this lat-
ter species led to a karyotype of only 5 chromosomes, whereas Arabidopsis
lyrata retained the ancestral Brassicaceae karyotype of 8 chromosomes (Mu-
rat et al., 2015). Another hexapolyploidy event has been found in the tribe
Brassiceae (Lysak et al., 2007), including Brassica oleracea (cabbage and
allies) and Brassica rapa, even though their gametes only carry 9 and 10 chro-
mosomes, respectively. Finally, Brassica napus (rapeseed) is an hybrid species
dating around ten thousand years ago, whose 19 chromosomes originate from
the sum of its parents Brassica rapa and Brassica oleracea (Chalhoub et al.,
2014). Adapted from Chalhoub et al. (2014).

1.3 Evolutionary fates of gene duplicates

A number of models have been proposed to explain fixation of changes in gene
dosage — the number of gene copies in a genome. One of the first proposed,
neofunctionalization, denoting the retention of the ancestral gene function by a
duplicate whereas the release of selective constraints on the second duplicate en-
ables the evolution of a new function, has been frequently used in the literature
(Taylor and Raes, 2004). A recently identified example of gene duplicate evolving
a new function after whole genome duplication includes a new cellular location
and a higher activation capacity for the androgen receptor after the teleost specific
polyploidy (Ogino et al., 2016). Similarly, the evolution of a new transcription
repressing factor involved in the nitric oxide detoxification pathway was linked to
the paleopolyploidization found in the common ancestor of Candida glabrata and

Saccharomyces cerevisiae, baker’s yeast (Merhej et al., 2015).

Another process leading to gene pair retention could also be subfunctional-

ization, where both duplicates together recapitulate the function of the ancestral
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gene (Force et al., 1999; Stoltzfus, 1999). Subfunctionalization can occur at dif-
ferent phenotypic levels, as either duplicates can carry on different molecular
functions that were all carried by the ancestral gene, or by summarizing its ex-
pression patterns across tissues, developmental stages or differentiated sex and
caste individuals. Specific instances of this phenomenon include the rapidly evolv-
ing binding-GTPase gene pair showing complementarity of expression in different
carp tissues, having originated after the cyprinid specific whole genome duplica-
tion (Zhao et al., 2015). The evolution of the large MADS-box regulation factors
family responsible for flower development in angiosperms has also been recur-
rently associated with subfunctionalization (Ng and Yanofsky, 2001). Finally,
using Saccharomyces cerevisiae, Soria et al. (2014) showed that the phenotypic
space where subfunctionalization occurs can indeed be very wide: at the level of
the function of the proteins, of gene expression or of organismic growth. This
phenotypic space might even be wider for multicellular organisms, as subfunc-

tionalization can also happen at the tissue-specific level.

Nowadays, our theoretical corpus has grown from these two models to a decade
of them (Innan and Kondrashov, 2010), to resolve the preservation of gene copies
by means that can be neutral, adaptive or a mixture of both. For instance, when
the availability of the product of a particular gene is decisive for the host, in-
creasing its copy number or modifying its expression level will be selected for.
The case of the weedy Amaranthus palmari plant provides an extreme example
of such positive gene dosage effect: a 160-fold increase in the copy number of
its gene producing a necessary enzyme inhibited by an herbicide was found in
response to the herbicide pressure (Gaines et al., 2010). Another model, the
“escape from adaptive conflict” (Conant and Wolfe, 2008) case, was proposed to
explain duplicate maintenance when the ancestral gene product bears different
molecular processes. If the generalist condition of the gene product prevents one
or more of its functions to be fully optimised, the appearance of a another gene
copy enabling the independent evolution of more efficient reactions by the two
products will be advantageous. It represents a subcase of subfunctionalization
where the fixation of the new gene is favored by selection and is likely to be the

mode of action explaining the post whole genome duplication evolution of the
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GAL1 and GAL3 genes, involved in galactose metabolism in yeast, for instance
(Conant and Wolfe, 2008).

The patterns governing conservation or loss of excess gene copies have been
investigated for the first time over the genomes of six eukaryotic species in a
seminal study by Lynch and Conery (2000). The authors showed that even if
duplicated genes arise at high rates, most of them are subsequently lost, mak-
ing nonfunctionalization largely dominant over models predicting retention. But
they also argued that the same rules might not apply if an elevated number of
genes were to duplicate at the same time: as gene products often work in asso-
ciation between themselves, duplication of all the genes working together would
keep their outputs at the same relative levels. Conversely, the duplication or
the change in expression of a single gene coding a subunit of a protein complex
could prove deleterious, by disturbing the assembly of the complex or by directly
competing for binding of the catalytic target (Papp et al., 2003). These effects,
summarized in the gene balance hypothesis (Birchler and Veitia, 2010), predict
that additional gene copy retention is strongly dependent on the function of the
encoded product as well as on the processes leading to the duplication (Conant
et al., 2014). Genes involved in particular molecular functions that are more
likely to be carried by large complexes will be preferentially retained after whole
genome duplications, such as expression regulation, ribosomal structures or sig-
naling proteins (McGrath et al., 2014b).

Observing that genes belonging to duplicate pairs evolve significantly slower
than singletons in eukaryotes and prokaryotes species, Jordan et al. (2004) and
Davis and Petrov (2004) showed that the probability of retention of a duplicate
gene was highly correlated to the ancestral function: the more constrained the
protein encoded by a gene, the more likely a duplicate of this gene is to persist
over time. The globin or opsin families provide fitting examples to this finding:
all the different proteins belonging to those families identified nowadays in verte-
brates evolved through sequential duplications of their genes in their ancestors,
and have clearly defined function in the organism expressing them. Beyond its

function, the level of expression of a gene has also been shown to be positively cor-
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related to the probablity of one of its additional copy to be kept in the genome
of the host, proving that highly expressed genes are more sensitive to changes
in gene copies (Gout et al., 2010), resulting in the high retention of metabolic
genes after whole genome duplication, that are usually more expressed than non
metabolic genes (Gout et al., 2009).

Another process explaining the non-random loss of gene or the expression
changes observed after allopolyploidy is the phenomenon of genome dominance.
It can happen simply at the expression change level, as in the case of the hexaploid
wheat, where each of the three genomes has been found to be dominant over cer-
tain cell types or development stages (The International Wheat Genome Sequenc-
ing Consortium, 2014), but it could also favour the maintenance of only one of
the ohnologs over longer evolutionary timescales. Because the reunited genomes
might have different expression levels of their ohnologous genes, due to different
methylation levels controlling transposable elements (Woodhouse et al., 2014) for
instance, loss of the most highly expressed gene will be more deleterious than loss
of its ohnologs (Freeling et al., 2012). Genome dominance could then lead to loss
of the genes belonging to the recessive genome over the long evolutionary term.
Most studies indicate that after whole genome duplication, gene loss occurs via
DNA deletion through non homologous recombination in plants (Freeling et al.,

2015), but whole genome duplications are also known to occur in other organisms.

After studying what processes are involved in the fixation or the loss of gene
duplicates, I will now introduce how these various processes might affect the
evolutionary fates of the organisms experiencing them after duplication of their

whole gene repertoire.
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1.4 Fates of populations and species after poly-

ploidization

The fact that most of actinopterygians diversity is actually included in the teleost
clade, whose ancestor arose after a paleopolyploidy event (Taylor et al., 2003),
or that angiosperms, where polyploidy is rampant, is a highly successful group,
led researchers to hypothesize on the possible link between the events of genome
duplication and the evolutionary success of the lineages that arose after such
events (Hoegg et al., 2004; Santini et al., 2009; Soltis et al., 2009). Moreover,
the ancestor to all vertebrates also experienced paleopolyploidy, once (Smith and
Keinath, 2015) or maybe twice (Dehal and Boore, 2005). Paleopolyploidy is re-
sponsible for the architecture of the Hox genes loci in vertebrates, controlling
the development of the correct body plan and that are found in a single locus in
most animals’ genome, but in up to four copies in vertebrates or even seven in
teleostei (Amores et al., 1998). As the evolution of the vertebrate body plan led
to the appearance of a large species-rich clade compared to its closest relatives,
Tunicates and Cephalocordates (Canestro et al., 2013), this paleopolyploidization
has also been linked to higher diversification (Crow and Wagner, 2006).

Conceptually, the occurrence of polyploidization could almost instantaneously
lead to the appearance of a new species, as triploid hybrids between polyploids and
diploids are very likely to suffer from decreased fertility (Ramsey and Schemske,
1998). Alternatively, polyploid lineages could be more inclined to form new
species because of intrinsic properties of polyploidy, such as the elevated gene
content. Tentatively, the extra-duplicated material could facilitate the apparition
of new functions, according to the neofunctionalization model, and the filling of
new ecological niches. Nevertheless, adaptive radiations, defined as the rapid
appearance of new phenotypes through ecological speciation (Rundell and Price,
2009) and classically illustrated by the cichlids (Brawand et al., 2014), the ano-
lis (Pincheira-Donoso et al., 2015) or Darwin’s finches species, are traditionnaly
not associated with whole genome duplications. Another mechanism that could
favour the apparition of new species after whole genome duplication has been

called reciprocal gene loss (Lynch et al., 2000) (figure 1.4). Although initial evi-
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dence of this mechanism was found in different organisms (Scannell et al., 2006;
Sémon and Wolfe, 2006), recent theoretical modelling cast some doubts upon the

significance of reciprocal gene loss in building species barriers (Muir and Hahn,

2015).

—>
Polyploidisation /
Population Reciprocal
> > split gene loss

Diploidisation \

Figure 1.4: Reciprocal gene loss, a model to explain barriers to the gene flow after whole
genome duplication. This models builds on the first genetic model to explain
the appearance of new species, the Bateson-Dobzhanksi-Muller model (Orr,
1996). This model originally posits that when populations get isolated mu-
tations appearing in different members of a pair of interacting genes could
rise to fixation in each population, for adaptive reasons or simply by drift.
Upon secondary contact of the two populations, the new alleles of each pair
member never interacted before and could lead to incompatibilities in the
organism carrying them, thus leading to gene flow barriers between the pop-
ulations. Similarly, when genome duplication occurs, a likely outcome for
duplicated genes is their loss. If, once disomic inheritance is restored, differ-
ent populations lose one of the two paralogs at different loci, crosses between
those two populations would give birth to a significant number of offsprings
lacking this gene. Given the high number of paralogs generated during whole
genome duplication, this could theoretically favour the apparition of new
species.

Actually, debates regarding the evolutionary consequences of polyploidy started
early in the scientific community: Stebbins (1950), acknowledging that around 30
to 35% of angiosperms species are polyploids, stated that most long term evolu-
tion happened at the diploid level, even though he admitted that some families of
plants had a polyploid origin. Although the idea is pervasive in the present-day
literature (see for instance te Beest et al. (2012); Madlung (2013); Vanneste et al.
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(2014); Kagale et al. (2014); Dodsworth et al. (2015)), Stebbins never deemed
polyploidy as an “evolutionary dead-end” (discussed by Soltis et al. (2014b)). In
opposition to this idea of minor effect of polyploidy in the long run, Levin (1982)
strongly emphasized polyploidy as a powerful source of new species and inno-
vations, and a facilitator of colonization of new environments. More recently,
people have argued that polyploidy in plant lineages have increased their chances
to survive through the mass extinction that occurred at the Cretaceous-Paleogene
boundary (Fawcett et al., 2009; Vanneste et al., 2014) or that it can drive adap-
tation to new environment in yeast (Selmecki et al., 2015) (but see Appendix A

for a discussion of this finding).

Another hypothesis proposed for explaining the link between diversification
and polyploidization is the “radiation time lag” model (Schranz et al., 2012).
Recognizing that in land plants, many paleopolyploidization are associated with
the appearance of very large group of species, whose sister clades are usually
species poor — such as Asteraceae, Brassicaceae, Fabaceae, Poaceae, Solanaceae
or even angiosperms themselves — this model postulates that contrary to adap-
tive radiations, the effect on diversification will only be seen in the distant future
after whole genome duplication and some required steps. It posits that the whole
genome duplication is necessary for the evolution of new key traits, but that the
radiation will only be triggered millions of years later, after a dispersion event
that will displace polyploids in a new environment (Schranz et al., 2012). Sim-
ilarly, Dodsworth et al. (2015) hypothesized that it is the diploidization process
that is responsible for the delay in time between the paleopolyploidy and the di-
versification. Underlying that polyploids at birth face many difficulties — meiosis
defects (Grandont et al., 2013; Stenberg and Saura, 2013), shock associated to
the merging of diverged genomes (Parisod et al., 2010), chromosomal rearrange-
ments (Leitch and Leitch, 2008) or minority cytotype exclusion (Husband, 2000)
— polyploids must first survive this depression phase before they can thrive.
Return to a normal disomic inheritance, higher genomic and transcriptomic vari-
ation can then supposedly favor the success of paleopolyploids (Dodsworth et al.,
2015). Similarly, reciprocal gene loss can only occur after diploidization and could

neutrally lead to the appearance of reproductive isolation.
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Studying how polyploidy affects evolutionary success implies defining and
identifying formally its variation in the tree of life. I will introduce how I plan
to use lineages’ diversification — their propensity to create new species — as a
proxy for evolutionary success and how it can be estimated through the ages. Us-
ing these methods, I will present the work I performed to deepen our knowledge

between polyploidy and diversification.

1.5 Testing the link between polyploidy and di-

versification

The testing of differential evolutionary successes between lineages requires the de-
velopment of appropriate methods. One of the most natural approaches aiming
at reconstructing historical species diversity trends is studying the fossil record.
Nevertheless, the sparsity of the fossil record for plants, harbouring a significant
part of ploidy variation in the tree of life, and the difficulty of recognizing poly-
ploidy in the record — except by using cell size as a proxy for ploidy level, see
Scott et al. (2015a) for instance — prevents researchers from systematically in-
vestigating this relation using such an approach. More generally, the fossil record
being incomplete, models incorporating other kinds of data can also be used to

understand biodiversity patterns.

The first model predicting species growth was developed by Yule (1925). Dis-
carding the effect of species extinction, he devised how monotypic genera grew
based on the probability of a new species appearing. Based on the distribution
of species number in genera of a few animal families, he was one of the first to
estimate macro-evolutionary rates — parameters governing trends at or above
the species-level — such as the time of species number doubling in a genus or
the ratio of “specific mutation” — species appearance — to “generic mutation”
— genus appearance (Yule, 1925). Nowadays, macro-evolutionary models dis-

carding the effect of extinction are named in his honor. Kendall (1948) solved
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the problem of any population growth given the birth (A) and death (i) rates
of the individuals of the given population. Kendall’s work is the basis of sub-
sequent methodological breakthroughs in a variety of fields, such as modelling
the waiting time in any given queue or the estimation of speciation and extinc-
tion rates using phylogenies (Nee et al., 1994b), which is of particular interest
in the present context as identifying changes in these rates will allow us to find
elevated evolutionary success in a phylogeny. Indeed, Nee et al. (1994b) devised
the likelihood equations governing the distribution of speciation times based on
constant A and p, and thus constituting the null model of how phylogenies grow
with the apparition and disparition of species. Since this important finding, a
large number of methods have been developped to account for more and more

complicated modes of diversification (for a full review, see Morlon (2014)).

Since then, researchers were given a handy tool to investigate biodiversity
patterns without exclusively using fossil data. By reconstructing phylogenies of
extant species using molecular data and possibly dating them using fossil knowl-
edge, one is able to estimate the times of appearance of new species and thus
infer macro-evolutionary rates. Rather than working with speciation and extinc-
tion rates, researchers have taken the habit of using diversification, the difference
between speciation and extinction, usually termed r, and turn-over, the ratio of
extinction to speciation, termed €, for convenience. Indeed, diversification repre-
sents the number of species created per units of time and thus can be used as a
proxy for the effective evolutionary success of lineages. From these estimations
a surprising observation springs: extinction rates can be inferred from molecular
data alone, by definition including at best only very recently (on geological scale)
extinct species. This apparent paradox has been hotly debated in the literature
(Nee et al., 1994a; Paradis, 2004; Rabosky, 2010; Beaulieu and O’Meara, 2015)
and the idea behind is that the shape itself of the tree will be modified by the
extinction rate of the lineages. For instance, at constant diversification rate, the
higher the extinction, the closer to the present the speciation nodes, because old

species will tend to be replaced by new ones more often.

Using these variety of models, we are now capable of explicitly testing the
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association between characters and diversity. Thus, the debate regarding the
potential link between diversification and polyploidy in angiosperms has been
fueled in the past years by the publication of Mayrose et al. (2011) which has
prompted extensive arguments on the philosophical, technical and experimental
implications of this debate (Soltis et al., 2014a; Mayrose et al., 2014). Other
publications, using different methods or metrics that are somewhat related to
polyploidy, such as genome size, have been issued in the perspective of this de-
bate (Knight et al., 2005; Soltis et al., 2009; Kraaijeveld, 2010; Pandit et al., 2014;
Scarpino et al., 2014; Bromham et al., 2015; Puttick et al., 2015), with contrast-
ing results. This debate has many implications, in particular on how to design

computational experiments to test the effect of young polyploidization events.

During my work, I will use a combination of simulated and publicly available
data to further our understanding about diversification models and their impact
of polyploidy. From the wealth of tools now available for reconstructing diversity
trends through phylogenies, we can tentatively design experiments to test specific
hypothesis, such as “Are diversification patterns altered after polyploidy and in
which way?” or “Did polyploidy lower extinction rates in plants at the Cretaceous-
Paleogene boundary?”. In chapter 2, I will explore methods commonly used when
looking for patterns of diversification using simulations and assess the power of
our current means of detecting ancient events. Specifically, I will study how the
joint occurrences of different macro-evolutionary processes, such as mass extinc-
tions or abrupt changes in speciation or extinction rates between lineages affect
the shape of reconstructed phylogenies and the outcomes of our methods. This
work was motivated by the finding that many paleopolyploidy events in plant
lineages cluster around 66 Million years ago (Vanneste et al., 2014): in order to
test for the correlation between trait (diploidy or polyploidy) and events (mass
extinctions), one has first to be able to check if these mass extinctions are recog-
nizable in the molecular data. I developped a simulation algorithm to study the
influence of many parameters, such as number of extant species, number of events
occurring during the evolution of the lineages, values of the macro-evolutionary
parameters, to conclude on some of the methods used to detect mass extinction

events and changes in diversification, building upon, and extending a bit, the
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flourishing literature discussing diversification methods.

Then, I will move on to explicitly test one assumption of the radiation time
lag model in teleost fishes. Both reciprocal gene loss and radiation time lag will
predict that the diversification increase should be delayed after whole genome
duplication. Such signal of diversification was found in angiosperms (Tank et al.,
2015), although using methods estimating changes in macro-evolutionary rates in
a common ancestor to living species, whose accuracy has been questioned (May
and Moore, 2016). In chapter 3, I will try to find evidence of such pattern in
Teleostei, by using methods that can recover changes in macro-evolutionary rates
through time and thus potentially find the delayed responses assumed by the
radiation time lag. I will study the changes in speciation and extinction follow-
ing the few old and more recent whole genome duplications occurring in teleosts
using a variety of data collected from the literature, and discuss the implications

of differences in age of paleopolyploidies.

In chapter 4 of this manuscript, I will present another angle of the debate re-
garding polyploidy and diversification. I will focus on the nature of the processes
leading to the apparition of polyploid species and investigate it using phylogenies
of plant genus showing ploidy variation. I will use diversification methods that
estimate macro-evolutionary parameters, and compare models using different as-
sumptions on how character changes arise. Namely, I will try to find out to what
extent polyploid lineages arise from cladogenetic or anagenetic processes. For this

I will use already published methods and data, as well as newly computed data.

In general, the aim of my manuscript is to provide technical advancements
and insights on the polyploidy and diversification conundrum. Chapter 2 of my
thesis will focus primarily onto methodological considerations, whereas chapters

3 and 4 will use biological data to test concrete models of diversification.
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Chapter 2

Detecting patterns of species
diversification in the presence of
both rate shifts and mass

extinctions

This chapter was published as a research article in BMC Evolutionary Biology.

2.1 Abstract

Recent methodological advances allow better examination of speciation and ex-
tinction processes and patterns. A major open question is the origin of large
discrepancies in species number between groups of the same age. Existing frame-
works to model this diversity either focus on changes between lineages, neglecting
global effects such as mass extinctions, or focus on changes over time which would
affect all lineages. Yet it seems probable that both lineages differences and mass
extinctions affect the same groups. Here we used simulations to test the per-
formance of two widely used methods under complex scenarios of diversification.
We report good performances, although with a tendency to over-predict events

with increasing complexity of the scenario. Overall, we find that lineage shifts are
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better detected than mass extinctions. This work has significance to assess the
methods currently used to estimate changes in diversification using phylogenetic
trees. Our results also point toward the need to develop new models of diversi-
fication to expand our capabilities to analyse realistic and complex evolutionary

scenarios.

2.2 Background

The estimation of the rates of speciation and extinction provides important in-
formation on the macro-evolutionary processes shaping biodiversity through time
(Ricklefs, 2007). Since the seminal paper by Nee et al. (1994a), much work has
been done to extend the applicability of the birth-death process, which now al-
lows us to test a wide range of hypotheses on the dynamics of the diversification

process.

Several approaches have been developed to identify the changes in rates of
diversification occurring along a phylogenetic tree. Among them, we can distin-
guish between lineage-dependent, trait-dependent, time-dependent and diversity-
dependent changes. Lineage specific methods identify changes in macro-evolutionary
rates — speciation and extinction rates, denoted as A and u, respectively — at
inner nodes of a phylogenetic tree (Rabosky et al., 2007; Alfaro et al., 2009;
Silvestro et al., 2011). We can also identify trait-dependence in speciation and
extinction rates if the states of the particular trait of interest are known for the
species under study (Maddison et al., 2007; FitzJohn et al., 2009; Mayrose et al.,
2011). It is also possible to look for concerted changes in rates on independent
branches of the phylogenetic tree by dividing it into time slices (Stadler, 2011a).
Finally, diversity-dependent effects can be detected when changes of diversifi-
cation are correlated with overall species number (Etienne et al., 2012). Most
methods can correct for incomplete taxon sampling, by assigning species num-
bers at tips of the phylogeny (Alfaro et al., 2009; Stadler and Bokma, 2013), or
by introducing a sampling parameter (Nee et al., 1994a). By taking into account

this sampling parameter at time points in the past, it is also possible to look for
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events of mass extinction (Stadler, 2011a).

These methods provide insights into the dynamics of species diversification
and it is now well accepted that differences in lineage-specific rates exist (Jetz
et al., 2012; Barker et al., 2013). However, it seems unlikely that both lineage
specific shifts and mass extinction events would not have occurred, especially
when studying large phylogenetic trees covering hundreds of million years of evo-
lution. For example, several global crises, which caused the extinction of a high
proportion of species (Raup and Sepkoski, 1982), have occurred since the appear-
ance of the last common ancestor of vertebrates. Among them, the Cretaceaous-
Paleogene (K-Pg) boundary and the Permian-Triassic events, which happened 65
million years ago (Mya) and 251 Mya, respectively, induced the most dramatic
losses of biodiversity (Erwin, 2006). Moreover, other less extensive events have

also occurred in the past hundred million years (Benton, 1995).

Alternative models have been proposed for mass extinctions. They could be
represented as a high number of species disappearing at the same time (single-
pulse model), or as an increase of the background rate of extinction during an
extended period of time (time-slice model) (Condamine et al., 2013). They could
also impact biodiversity in different ways. Three main hypotheses, corresponding
to different patterns of extinction, have been proposed (Raup, 1992). First, the
event could affect all lineages equally and terminate any extant lineage with the
same probability. This “field of bullets” scenario is often used as a null model
(Nee, 1997; Faller et al., 2008). Second, in the “fair game” scenario, some form of
lineage selection would occur, where the most successful species — in our case,
the most diversifying species — before the event would be the most likely to sur-
vive. This could, for instance, happen if the probability of survival depends on a
specific trait varying across the lineages of the phylogeny (Faller and Steel, 2012).
Finally, in the “wanton destruction” scenario (Eble, 1999), the event could induce
such changes in the environmental conditions that the probability of extinction
of the species and their post-event diversification rate would be uncorrelated to

their initial speciation and extinction rates.
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Although lineage-dependent differences in macro-evolutionary rates and mass
extinctions are known to happen, the performances of the existing methods to
identify both lineage-specific rate shifts when mass extinctions have occurred, and
mass extinctions when lineage-specific rate shifts have occurred has not, to our
knowledge, been investigated. The aim of this study was thus to assess the perfor-
mance of current methods to estimate the rates of diversification using complex
scenarios involving both mass extinctions and lineage shifts. We used simulations
to assess the impact of varying number and magnitude of rate shifts and mass

extinction events.

2.3 Methods

Figure 2.1 gives an overview of the simulation design. We used a backward algo-
rithm to simulate phylogenetic trees as implemented in the function sim.rateshift.taza
from the R (R Core Team, 2013) package TreeSim (Stadler, 2011b), since a di-
rect forward approach to simulate trees using a birth-death process can lead to
bias when conditioning on the number of tips (Hartmann et al., 2010). Forward
simulations can be used to simulate trees when conditioning on the total amount
of time of the process. However, this approach is not practical in this context as
the procedure would result in trees with highly variable numbers of taxa, in par-
ticular when adding mass extinction events. A backward simulation procedure
is therefore the best solution to simulate the different diversification scenarios
of interest for our study. This procedure enables both single-pulse or time-slice
modelling of mass extinctions, but we chose to represent them only using the
single-pulse model because paleontological data indicates very high species loss
at major mass extinction events in a limited amount of time. For instance, a
52% decrease in marine families was observed at the Permian-Triassic boundary
(Raup and Sepkoski, 1982). Further, there is currently no approach available to
simulate continuous birth-death process that incorporates rate variation among

lineages. We thus designed a new backward algorithm that we detail below.

Our algorithm takes as input the number of extant species, the evolutionary
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[Backward simulation]
)\17 1241 P1 P2

|

R
o———

| B E—

A3, 3
|

)\47 221

Random grafting
( )

F_E_E

Figure 2.1: Workflow of the simulation process. Hypothetic case of 50 species tree, 3 lin-
eages shifts and 2 mass extinctions. The number of species in each lineage
is randomly drawn first. Each tree is grown separately with different (X, u)
but with identical survival rates (p) at each mass extinction events. The four
trees are then successively joined at branches ensuring ultrametricity. Verti-
cal continuous lines: simulated mass extinction events, full circles: ancestor
where diversification change occurred.

rates A and p, and the time of occurrence and survival rate p for mass extinc-
tion events. We assumed in the first part of our simulations that these events
happened according to the field of bullet scenario (step 1). We randomly grafted
different trees having experienced the same mass extinction events but different
evolutionary rates to account for rate shifts in diversification (step 2; see Table
2.1). First, we ran as many backward simulations as the number of lineages

shifts in our tree. We defined the number of species in each backward simulation
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by drawing samples from a Dirichlet distribution to keep the total sum equal
to the overall number of species. We then ranked the trees by decreasing order
of their total age, which included the stem branch length provided by TreeSim.
We selected from the oldest tree (referred to as acceptor tree) the branches that
overlapped in time with the age of the stem branch of the second oldest tree
(referred to as donor tree). Thus, the branches considered for possible grafting
were the ones that included the age of the donor tree between the timing of the
two speciation events defining them in the acceptor tree. We randomly chose
one of those branches to graft the donor tree onto the acceptor. This ensures
ultrametricity of the newly created tree and leaves the branch lengths of each
separate tree unmodified once the lineage having experienced the diversification
shift is removed. We iterated over this protocol until all donor trees, whose num-
ber varied in our simulations between 0 and 5 (Table 2.1), were grafted. Finally,
we ran Medusa (Alfaro et al., 2009) and TreePar (Stadler, 2011a) analyses on
each simulated tree to investigate our capacity to recover the signal of mass ex-
tinctions and diversification shifts (Fig. 2.2). We simulated trees with different
numbers of lineages and extinction events to assess the influence of these factors.
Table 2.1 summarizes the parameter space explored for the 16,371 trees that we
simulated. For the values of A\ and p, we targeted distributions similar to the

estimates calculated on a mammalian phylogeny (Bininda-Emonds et al., 2007).

Medusa is a maximum likelihood-based framework to detect shifts in diver-
sification by iteratively adding breakpoints on inner branches of the tree with
different rates of speciation and extinction. It uses AAIC to discriminate be-
tween models with an increasing number of parameters (Alfaro et al., 2009).
Rabosky (2014) also recently presented a new method (BAMM) to estimate the
number of possible rate changes along a phylogenetic tree and to fit exponen-
tial responses in macroevolutionary rates to time or to species number. Unlike
Medusa, BAMM uses a Bayesian framework, with reversible jump Markov chain
Monte Carlo to estimate the number of shifts in diversification in the phylogeny.
In our design, we chose not to simulate varying speciation and extinction rates
except at speciation nodes, thus using higher complexity models is not neces-

sary. Comparisons between BAMM and Medusa have been performed, but only

24



CHAPTER 2. DETECTING PATTERNS OF SPECIES DIVERSIFICATION
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Figure 2.2: Exemple output of the analyzes. We run the Medusa and TreePar analysis,
and group the pairs of simulated/estimated events by minimizing the sum of
the distance separating the events in each pair ( Y §Medusa and Y §IreePar

- .

K3
). Vertical dotted lines: estimated mass extinction events by TreePar, dotted
circles with roman letters: estimated diversification rate shift by Medusa, by
decreasing significance, other: as in figure 2.1. The first estimated shift is
always at the root of the tree.

on simulations involving either time-dependent or diversity-dependent rates (Ra-
bosky, 2014). This framework led to a clear bias in favor of BAMM as Medusa
can not evaluate such models, and resulted in Medusa estimating a lower number
of events than what was actually simulated (Rabosky, 2014). The numbers of es-
timated shifts obtained with Medusa can therefore be considered as conservative.
Finally, we do not expect a different behavior for Medusa and BAMM regard-
ing the identification of mass extinction events, as neither method incorporates
them in their model. Those reasons, as well as the large computational burden to
run Bayesian analyses on over 16,000 trees, led us to favor the simpler Medusa
framework for the rest of the study. Medusa was run until a more complex model
was not supported by the AAIC. We did not extract the macro evolutionary rate
estimations from Medusa as we were only interested in testing the ability of the

method to detect the events, and not the accuracy of the parameter estimation.

TreePar uses the birth-death process to identify changes in A and p through

25



CHAPTER 2. DETECTING PATTERNS OF SPECIES DIVERSIFICATION

time. This is done by estimating the probability of a change in parameter values
within small time intervals, which can be extended to test for the occurrence of
mass extinction events (Stadler, 2011a). The parameters of the rate shifts might
be correlated with those related to mass extinction (Stadler, 2011a), which will
be a problem for our simulations. We therefore restricted our analysis to the iden-
tification of mass extinction events to avoid this issue. The number of iterations
of TreePar was set to the simulated number of mass extinction events plus one
to test for the appearance of false positive events. A standard Likelihood Ratio
Test (LRT) is used to extract the most likely models from TreePar and more
complex models were favored when their p-value was less than 0.01, following
the standard approach for this framework (Stadler, 2011a). Similarly to what
was done with Medusa, we did not analyze estimations of survival rates at mass

extinctions events given by this framework.

To verify that our simulation design had no effects on the methods evaluated,
we tested the influence of the subtree grafting approach with a constant rate
of diversification. We simulated trees with 200 species using both the standard
procedures implemented in TreeSim and by grafting two subtrees of 150 and 50
species having evolved under the same A and p values. We then compared the
results obtained by TreePar and Medusa. We ran 250 pairs of simulations and we
observed no significant differences in the number of false positive found between
the groups with and without artificial grafting (7 and 13 for Medusa respectively,
and none in both cases for TreePar), showing that our simulation design does not

bias the estimation of the rate shifts by the two methods used.

We used a slightly different framework to study the impact of the different
types of mass extinction events. We simulated a scenario that aimed at testing
for the presence of the K-Pg mass extinction event using high order phylogenetic
trees. We therefore simulated trees with a large number of extant species (5,000
tips, similar to the number of mammalian species) and a large number of lineage
shifts (5), but only one event of mass extinction. The other parameters were still
drawn at random from the ranges specified in Table 2.1, except for the survival

rate p that was modified according to the models of mass extinction. For the fair

26



CHAPTER 2. DETECTING PATTERNS OF SPECIES DIVERSIFICATION

game hypothesis, we randomly drew A and p for the 5 different lineage shifts,
but the survival rate p was modified for each lineage based on its diversification
rate (r, A — pu). We thus considered that the trait influencing the probability of
extinction for each species was its diversification rate. For the wanton destruction
hypothesis, the mass extinction event induced a change in rates for each lineage,
again drawn according to the distribution stated in Table 2.1, and their survival
rate p was then based on their new diversification value. For the wanton destruc-
tion, our simulations included both a global rate shift and a mass extinction and
we ran TreePar twice in order to detect both events. For the two latter cases, we
chose to linearly parametrize p with regards to diversification. As diversification
could range between 0 and 0.25 and p between 0 and 1, we applied a factor four
to the diversification to obtain the survival rates of the lineages. We also ran
Medusa on the three sets of simulations to assess the potential impact of the
three extinction hypotheses on the detection of lineage shifts. For this second
part, we generated over 700 trees for each model of mass extinction event, for a

total of 2289 simulations.

Parameter Possible values

A Unif(0.05,0.25)

i Unif(0,0.05)

p Unif(0.2,0.9)
Number of tips 200, 500, 1000, 2500, 5000
Mass extinction event number 0tod
Rateshift event number 0tob

Mass extinction event time Unif(0, mm(L;’gf(]:)))

Table 2.1: Universe explored for parameters values. Unif: Uniform distribution, i: lin-
eage identifier
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2.4 Results and discussion

2.4.1 Baseline performances

To estimate the baseline behavior of both frameworks, we first tested the per-

formance of the methods on the simplest scenarios. We thus selected simula-

tions that included a single rate shift for Medusa, or a single mass extinction for

TreePar. Figure 2.3 represents the fraction of shifts detected by Medusa relative

to the absolute difference between the new and the old diversification values (Fig-

ure 2.3A) and to the number of species in the lineage (Figure 2.3B). More than

80% of the changes in diversification larger than 0.05 are detected by Medusa,

which shows a good performance in assessing strong shifts. Further, Figure 2.3B

shows that the overall tree size has no influence on the detection, since lineages

of the same size are as likely to be detected in small or larger trees.
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Figure 2.3: Baseline detection level for Medusa, for simulations with one rate shift and no
mass extinction event. A: Proportion of detected events for ranges of values
of diversification, B: Proportion of detected events for ranges of extant species

number in lineages.

We then checked the ability of TreePar to detect mass extinction as a function

of the survival rate, p, as well as of the number of ancestral species predating this
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event in the reconstructed tree. We also used first the simplest simulation to limit
the effect of other parameters. Figure 2.4A shows that the signal of mass extinc-
tion in the phylogenetic tree is very weak when less than 100 ancestral species are
present before the event. This has implications for our ability to find evidence for
the K-Pg boundary using phylogenetic trees of vertebrates, for example. We can
only reach more than a hundred ancestral species older than 65 My by consider-
ing phylogenetic trees encompassing distantly related lineages of tetrapods (see
Bininda-Emonds et al. (2007) or Meredith et al. (2011)). Besides, as detection
drops with increasing survival rate (Fig. 2.4B), the signal is even less likely to be
picked as the ancestors of the extant species might have experienced the mildest

extinction rates.
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Figure 2.4: Baseline detection level for TreePar, for simulations with one mass extinc-
tion and no diversification shift. A: Number of lineages predating the mass
extinction event influence, B: Survival rate influence.

2.4.2 Mixed scenarios of diversification

In a second stage, we analyzed simulations with more events and a mix of different

types of events. We evaluated the performance of rate shift detection by Medusa,
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or of mass extinction events by TreePar, by comparing the events detected to
the relevant simulated events. To perform the assignment between detected and
simulated events (see Fig. 2.2), we chose to minimize the sum of the distances be-

tween each potential pairing of events (> dMedusa and S §ImeePar) The distance

metric used for Medusa was the sum o% the branch lezngths along the shortest
path separating the two nodes, whereas we used the time between the estimated
and simulated pairs of mass extinction events for TreePar (see caption of Figure
2.2 for details).

The simulations incorporated several factors and we tested the effect on the
framework of three categorical parameters: total number of tips, number of mass
extinctions and number of shifts in diversification rate (see Table 2.1 for their
possible values). To ensure that the effects observed were related to the param-
eter of interest, we designed a reshuffling scheme for each parameter. First, we
randomly selected an equal number of simulations for each combination of every
possible value of the other two parameters. As an example, to study the outputs
for trees of 200 tips, we randomly drew an equal number of simulations with (i)
no lineage shift, no mass extinction and 200 tips; (ii) one lineage shift, no mass
extinction and 200 tips; (iii) one lineage shift, one mass extinction and 200 tips;
etc. This draw was repeated a hundred times and we determined, for each bin
created, the proportion of simulations for which each method favored the model
with the correct number of relevant events it was looking for, and the proportion
of simulations for which they favored a model with too many events. Finally, we
report the median and 95% intervals of those proportions based on our hundred

bins.

2.4.2.1 Tree size influence

Both Medusa and TreePar perform better in assessing the correct number of
events they are set to detect with an increasing number of tips (Fig. 2.5). The
median proportion of simulations correctly assessed reaches 60% for Medusa and

32% for TreePar with 5,000 tips. The increase in the number of tips also leads
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to an increased acceptance by TreePar of models with too many mass extinctions
(28% for 5,000 tips). However, the number of tips in the tree has no effect on
the error of the estimated time of mass extinction (Fig. 2.6), even though more
events are predicted. We only see a slight effect of tree size for Medusa, which is
probably due to the fact that the method only detects lineage related events and
does not depend on the total number of tips. We also investigated the effect of
lineage size on the outputs of Medusa. We first compared the variance of lineage
sizes relative to the overall tree size, contrasting the simulations with false posi-
tives to those with the correct number of rate shifts found. To remove the effect
of lineage number, we compared groups of trees with the same number of diver-
sification shifts. To account for a potential effect of tree imbalance, we compared
the variance in lineage sizes inside trees, with or without false positives. There is
no effect in most cases, except in the simulations with 4 or 5 rate shifts (p-values:
0.01 and 3.6-1073, respectively, Mann-Whitney test). Thus, simulations with lin-
eages of similar size are more likely to yield false positives only when they include
more than 4 rate shifts. We also compared the variance in lineage sizes between
simulations for which we recovered the correct number of events against those for
which we recovered too few events. For every possible number of lineages, we find
significantly lower variance for simulations that were correctly assessed. Thus,
we only see a slight effect of the lineage size on the occurrence of false positives,
whereas high variance in lineage size significantly increases false negatives. This
indicates on the one hand, a tendency to overestimate the number of shifts when
lineages are comparable in size, and on the other hand, problems with Medusa
for identifying diversification shifts specific to a low number of species, as showed

in the first part.

2.4.2.2 TImpact of events violating the model

We tested the robustness of the methods by studying the behavior of (1) Medusa
to detect rate shifts with an increasing number of mass extinctions, and (2)
TreePar to detect mass extinction events with an increasing number of lineages

shifts. The results of Medusa are unaffected by the number of mass extinctions
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Figure 2.5: Influence of tree size on the detection of lineage shifts (A) and mass extinc-
tion events (B). Continuous lines correspond to median proportions of sim-
ulations and dotted lines correspond to 95% confidence interval, both based
on resampling. Dark lines represent the proportion of simulations where the
model with the correct number of events was the most favored, and light lines
where a model with too many events was favored.

in the simulations (Fig. 2.7). In contrast, an increase in the number of lineage
shifts results in an increase of the proportion of false positives for TreePar (2%
with no lineage shift vs. 20% with five; Fig. 2.7). However, the accuracy of the
estimate of the timing of the event is not affected (Fig. 2.8). The number of
lineage shifts has almost no impact on the probability of detecting a true mass

extinction event, 7.e. on false negatives.

We note that false positive rates remain very low throughout all cases for
Medusa, less than 10% overall and around 5% when dealing with simulations
without mass extinctions (Fig. 2.7A). Recently, May et al. May and Moore
(2016) have also studied the performances of Medusa but with a different focus.
Medusa also enables the characterization of diversification changes on incomplete
phylogenies by letting the user assign species diversity at each tips of the tree.
Two different equations are then used to calculate the likelihood function. One

of them incorporates the likelihood of getting a specific number of species given
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Figure 2.6: Influence of tree size on the detection of mass extinctions by TreePar. Line:
proportion of detected mass extinctions; boxplots: distribution of the errors
on their timing relative to the time of the first speciation event of the tree.

a pair of A\ and p after a certain amount of time, and is now used to account for
the terminally input species numbers. May et al. simulated complete phylogenies
before introducing uncertainties by sequentially collapsing some of the tips, and
tested the different flavors of the three different Medusa algorithms ever made
available. They found high Type I errors in every algorithm and biased parame-
ter estimates. We note that in our study, we did not consider the estimation of
the macro evolutionary parameters, and did not use unresolved trees, that can
be used in Medusa to account uncertainties in the phylogeny. Interestingly, May
et al. also tested the algorithm that we used in this study (turboMedusa, defined
as tM EDUS A in their study) on completely resolved trees, and found about the
same rate of Type I errors as we did in the comparable trees (Figure S.20 of
their study). Thus even though the focus of the two studies differs, they are in

agreement in the few common analysis.
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Figure 2.7: Influence of increasing model violations on the tests. A: Lineage shift detec-
tion against an increasing number of mass extinctions; B: Mass extinction
event detection against an increasing number of lineage shifts. Dark lines:
simulations where the correct number of events was found, light lines: simula-
tions where too many events was favoured.

2.4.2.3 Impact of patterns of extinction

The effect of different scenarios of mass extinction on the results of Medusa and
TreePar are presented in Figure 2.9. First, as expected, no effect of the extinction
scenarios is observed on the detection of lineage rate shifts detected by Medusa
(Fig. 2.9A). In contrast, the fair game and wanton destruction scenarios impact
the estimation made by TreePar. They produce, for comparable levels of detec-
tion, more false positives than the field of bullets which was used in the previous
simulations (73% and 74% for fair and wanton against 58% for field of bullets,
Fig. 2.9B). Irrespective of the type of mass extinction simulated, there are very
few false negatives, i.e. at least one extinction was detected in almost every tree.
The error on the timing of this event was kept under 5% of the root age. We
also performed a search for global rate shifts in the case of wanton destruction
(Fig. 2.9B, dashed background). Regarding this scenario, we also compared sim-
ulations where all lineages undergo an increase of diversification after the mass
extinction event against those who undergo a decrease and observe no difference

between the outcomes of the two frameworks. Even though the shifts are differ-
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Figure 2.8: Influence of the number of lineage shifts in a simulation upon the detection
of mass extinctions. Line: proportion of detected mass extinctions; boxplots:
distribution of the errors on their timing relative to the time of the first speci-
ation event of the tree.

ent between lineages (i.e., increase of diversification in some lineages, decrease
in others), TreePar detects the period of this shift with more power than for
the detection of the associated mass extinction (34% and 21% correctly assessed
simulations, respectively). Overall, these results show that departure from the
simplest model of mass extinction should not affect our ability to detect these
events in phylogenetic trees (i.e. no increase in false negatives rate). But it should

lead to an increase of false positive detections.

2.5 Conclusion

Previous studies involving mass extinctions and changes in macro-evolutionary
rates have only focused on their effect on lineage through time plots (Crisp and
Cook, 2009). This lead to the identification of a possible mass extinction event

in some plants lineages around 32 Mya, which was further suggested to be linked
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Figure 2.9: Influence of distinct extinction scenarios on Medusa and TreePar predictions.
A: Medusa outcome; diamonds: proportion of simulations where the model
with the correct number of events is chosen; circles: proportion of simulations
where a model with too many events is chosen; there are less correctly as-
sessed simulations for Medusa because of the high number of lineage shifts in
these simulations (5). B: TreePar outcome and error on the timing of events:
boxplots: error on the timing of the estimated extinction relative to the first
speciation event; blank background: detection of mass extinctions; dashed
background: detection of global rate shifts; other symbols as in A.

with changes in climate. Recently, Hohna (2013) developed a new algorithm to
perform simulations with varying macro-evolutionary rates, allowing for mass ex-
tinction events. Other ongoing work aims at studying and simulating increasingly
complex scenarios of diversification (Hartmann et al., 2010; Morlon et al., 2010),
but we would like to emphasize that no method allows the simultaneous discovery

of both time-specific or lineage-specific rate changes and mass extinction events.

The study of diversification rates has become a standard part of the analysis
of large phylogenetic trees (Meredith et al., 2011; Jetz et al., 2012; Near et al.,
2013), and recent efforts have also assessed the methods used when their assump-
tions are violated (Rabosky, 2014). We have shown that departure from the
assumption of consistency in rates across lineages causes a large increase in false

positives when looking for mass extinction events. This can be problematic as we
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know that rate consistency rarely holds (Rabosky et al., 2007; Jetz et al., 2012;
Barker et al., 2013), and casts doubts on our ability to reliably find such events
using only phylogenetic trees. Nevertheless, an increasing number of disparities
between lineages caused neither a decrease in the probability of detecting an event
nor an increase in the error on its timing. As we observed the same pattern under
more complex scenarios of extinction, the difficulty in detecting the K-Pg event in
mammals is therefore probably not due to biases in the methods used. We might
be limited by the power of TreePar to detect mass extinction events, although in
simulations we reach 60% of true events detected for a tree size similar to that of

mammals.

Recent efforts aim to reach a better agreement between paleontological and
molecular data (Morlon et al., 2011), including looking for mass extinctions in
molecular phylogenies. For instance, there is much debate on whether the K-Pg
extinction event triggered the mammalian diversification (Bininda-Emonds et al.,
2007; Meredith et al., 2011; Stadler, 2011a; Dos Reis et al., 2012; O’Leary et al.,
2013). The fossil record also indicates higher extinction rates of mammalians
species around 65 Mya (Wilson, 2005). In this work, we have shown that for
phylogenetic trees similar in size to that of mammals (i.e. ca. 5000 species),
the signal for mass extinctions was usually recovered in the tree, even though
lineage discrepancies in macro-evolutionary rates had a tendency to yield more
false positives. Thus, if the ancestor lineages of the extant mammal families did
experience a mass extinction at the K-Pg boundary, we should theoretically be
able to identify it using phylogenetic trees. The underlying assumption about
the mass extinction made when using TreePar is that lineages are terminated
randomly with a fixed p value everywhere in the tree, i.e. a field of bullets type of
mass extinction. But other models of extinction seem to increase false positives
but not false negatives, not explaining difficulties in finding a K-Pg signal in real

phylogenetic trees.

Recent studies have used Markov processes to account for the effect of spe-
cific traits upon the probability of extinction of a species, thus extending models

of mass extinction beyond the field of bullets scenario (Faller and Steel, 2012).
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Such models can be used for instance to estimate the loss of phylogenetic diver-
sity after a mass extinction event (Lambert and Steel, 2013). Our simulations
can be seen as a special case of such models, where the trait influencing survival
probabilities is the diversification value of the species. We have shown that more
complex models of mass extinction cause more false positive detection than the
simple field of bullets, as well as a decrease in the error for the fair game scenario.
Choosing a specific model of extinction (field of bullets, wanton destruction, fair
game) might require the incorporation of fossil information into the phylogenetic
tree, and thus the further development of methods capable of dealing with both

molecular and fossil data.
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Chapter 3

No evidence for the radiation time
lag model after whole genome

duplications in Teleostei

3.1 Abstract

The effect of polyploidization on lineages fates over the short or long term is the
focus of intensive research. First recognized in land plants, the full sequencing of
distantly related species has lead to the recognition of its conspicuousness across
the tree of life, in particular at the origin of vertebrates and teleost fishes. Many
hypotheses have been proposed to explain the potential link between evolution-
ary success and whole genome duplication. For instance, the radiation time lag
model posits that the whole genome duplication would favour the apparition of
key innovations but the evolutionary success would not become apparent after
a later diversification event. Some preliminary results might indicate that this
model may be observed during land plant evolution. In this work, we test the
prediction of the radiation time lag model using both fossil and phylogenies in
old and more recent teleost whole genome duplication. We fail to find any evi-
dence of delayed evolutionary success after any of these events and conclude that
paleopolyploidization still remains to be unambiguously linked to evolutionary

success in this group.
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3.2 Background

The understanding of how biodiversity changes and is maintained on earth has
long fascinated naturalists. Studying historical biodiversity trends was originally
performed by looking at the fossil record observed on successive geological layers
(Benton, 1995) and using models to explain the appearance of new clades (Raup,
1985). Nowadays, the joint use of molecular clocks and fossil calibrations in a
maximum likelihood (reviewed by Paradis (2013)) or Bayesian (Drummond et al.,
2012a; Ronquist et al., 2012) framework on the one hand, and the flourishing
methods enabling evolutionary inferences based on the reconstructed phylogenies
(O’Meara, 2011; Morlon, 2014) on the other hand now enables alternative studies
about how lineages evolve through time. As the development of complex method-
ologies for retracing evolutionary trends using fossil instances was not left apart
either (Silvestro et al., 2014; Wagner and Estabrook, 2014), researchers are now
left with the choice of using data from molecules, fossils, or a mix of both when
retracing biodiversity (Givnish et al., 2015; Smith and Marcot, 2015; Condamine
et al., 2016).

Many methods assessing diversification based on different assumptions were
developed to test macro-evolutionary hypothesis. By comparing which model fits
the best our data, whether it be molecular or fossilized, one is able to judge under
which scenario their lineage of interest is evolving. Thus, authors now routinely
test whether diversity depends on particular states, such as a particular diet
(Wiens, 2015) or key ornamental displays (Maia et al., 2013), on species age (Ha-
gen et al., 2015; Alexander et al., 2015), on environments (Cantalapiedra et al.,
2015; Wiens, 2015) or how it responds to mass extinction events (Feduccia, 2014;
Bronzati et al., 2015). Moreover, one can address more general questions regard-
ing species diversification, such as whether their appearance is bounded by the
environment and the number of niches available or not, as was recently debated in
the literature (Harmon and Harrison, 2015; Rabosky and Hurlbert, 2015). In this
case, authors can compare density-dependent diversification frameworks to other
models (Etienne et al., 2012; Slater, 2015), or argue that slowdowns in diversifi-

cation can be explained by other factors (Moen and Morlon, 2014). Exhaustive
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testing with different models as well as considering a variety of distantly related

organisms is usually performed to bring contributions to these debates.

Among intrinsic properties of the lineages that have been scrutinized for po-
tential effect upon evolutionary success, polyploidy has been the object of intense
publications for the last decade, with researchers hypothesizing about how whole
genome duplication could impact species fate (Taylor and Raes, 2004; Comai,
2005; Donoghue and Purnell, 2005; Crow and Wagner, 2006). Various scenarios
have been proposed to explain how diversification rates could react to polyploidy.
One of them is the radiation lag-time model, where the increase of diversification
would occur only after a substantial amount of time of evolution (Schranz et al.,
2012). The expansion of the lineages would only occur after the evolution of a key
innovative trait, thanks to the duplicated gene material, and a subsequent disper-
sion event. Similarly, Dodsworth et al. (2015) have argued that the diploidization
process is responsible for the lag between polyploidisation and radiation of the
lineages. Another scenario, where the increase in diversification is mediated by
reciprocal gene loss leading to reproductive isolation (Scannell et al., 2006), would
predict that diversification is highest after the polyploidy event, once the differ-
ential fixation of the duplicated pairs has started in the subpopulations resulting
from the polyploid ancestor. Diversification is then predicted to slowly decay
as the process of reproductive isolation is complete between all subpopulations.
However, recent modelling work showed that reciprocal gene loss was not likely to
be sufficient for explaining potential diversity increases (Muir and Hahn, 2015),
although some initial evidence for this model had been found in yeast (Maclean
and Greig, 2011).

In plants, recent findings tend to support the radiation time lag model when
considering nine paleopolyploidization events (Tank et al., 2015). Using a phy-
logenetic tree resolved at the plant family level, Tank et al. (2015) estimated
diversification rates and changes using species richness associated for each fam-
ily. They identified increases in diversification in ancestors of the current plant
species and showed that these increases were preferentially clustered after pale-

opolyploidization. Nevertheless, the method used for estimating diversification
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based on family richness has been shown to yield a very high rate of false positives
(May and Moore, 2016). Moreover, it does not explicitly model the changes of
diversification as a function of time but rather the global rate at which children
of a particular inner node of the phylogeny diversify. Finally, this work needs
to be expended once every paleopolyploidy in land plants will be identified and
precisely dated, as new events are still currently being found (Barker et al., 2009;
Li et al., 2015; Scott et al., 2015a; Shi et al., 2015).

Whole genome duplications have been identified as well in vertebrates, in
particular in the ancestor of all present-day teleost species (Taylor et al., 2003).
Moreover, subsequent polyploidy has also been found in few teleost genera (Mable
et al., 2011), as well as in non-teleostei species, such as sturgeons (Havelka et al.,
2011). The Salmoniformes-specific genome duplication has recently been thor-
oughly studied (Berthelot et al., 2014) and dated as occurring at least 88 million
years ago (Macqueen and Johnston, 2014). Some authors tentatively linked it
with anadromy — leaving in a marine environment and migrating to freshwaters
to mate — in some salmonid species (Alexandrou et al., 2013), hypothesizing
that the duplicated genomic material was co-opted for the evolution of this par-
ticular behaviour. Other events of more recent polyploidization have also been
investigated in the Cyprinidae family, as identified in the genome of Cyprinus
carpio (Xu et al., 2014) or in Squalius alburnoides (Collares-Pereira et al., 2013),
in Botiidae (clown loaches and allies) (Slechtova et al., 2006) and Callichthyidae
(Otto and Whitton, 2000), among others.

Patterns of diversification after paleopolyploidization have already been in-
vestigated in actinopterygians. Although the occurrence of the genome duplica-
tion in actinopterygians coincides with the ancestor to all teleost fishes (Hoegg
et al., 2004), Santini et al. (2009) determined that the teleost-specific genome
duplication was responsible for only part of the diversity of this group observed
today, using the same methods as Tank et al. (2015). By reconstructing diver-
sification patterns, Zhan et al. (2014) studied the differences between polyploids
and diploids in four groups of actinopterygians and concluded that polyploidy

had inconsistent consequences across these clades, namely that it had a posi-

42



CHAPTER 3. TELEOSTEI AND RADIATION TIME LAG MODEL AFTER
POLYPLOIDY

tive impact on cyprinids evolutionary success but not in salmonids, Botiidae or
sturgeons. Similarly, Macqueen and Johnston (2014) found a major decoupling
in time between the whole genome duplication of salmonids and their diversifi-
cation, although without detailing diversification patterns, hinting at potential

evidence for the radiation time lag model of diversification in Salmoniformes.

In our work, we propose to further test the assumption of the radiation lag-
time scenario by studying the responses in diversification in Teleostei experiencing
whole genome duplication and comparing them to their sister clades, under the
expectation that we should see a surge in diversification some time after the whole
genome duplication event. For this we will explicitly model the changes in diversi-
fication through time, using both molecular and fossil based knowledge extracted

from the literature, on ancient and more recent whole genome duplications.

3.3 Methods

3.3.1 Phylogeny-based diversification analysis

We used the data generated from the study of Zhan et al. (2014). They recon-
structed the phylogenies of three actinopterygian families: Acipenseridae (stur-
geons), Botiidae, Cyprinidae (carp, goldfish and allies) and the monophyletic
group formed by the sister orders Salmoniformes and Esociformes (pike and al-
lies). Paleopolyploidization has been identified in the lineage leading to the an-
cestor Salmoniformes species whereas Esociformes are diploids (Berthelot et al.,
2014; Macqueen and Johnston, 2014). Similarly, Botiidae is a freshwater family
belonging to the Cypriniformes order originating from Southeast Asia including
two subfamilies, one of them being Botiinae, whose members are all tetraploids
(Slechtova et al., 2006). Sturgeons (Acipenseridae) are also a well known-case
of non-Teleostei group where polyploidy has been recurrently identified (Havelka
et al., 2011).

Using explicit modelling of chromosome number evolution (Glick and May-
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rose, 2014), Zhan et al. (2014) recovered 12 polyploidiziation events in Cyprinids
evolutionary history. They estimated the diversification rates of polyploid and
diploids using the widely used Binary State Speciation and Extinction framework
(BiSSE) (Maddison et al., 2007) that discriminates between ploidy levels but does

not reconstruct changes through time in diversification.

To identify the potential effects of radiation time lag, we aimed to compare di-
versification rates through time of polyploid clades with their sister diploid clade,
to find changes in those rates that would be consistent with this model. The
identification of changes in diversification through time necessitates a sufficient
number of data point to draw meaningful inferences, thus we discarded for our
analysis Acipenseridae and 7 events from Cyprinids, because they involved either
diploid or polyploid clades of less than 5 species. From the set of polyploidy
events under consideration, 5 for cyprinids, 1 for salmonids and 1 for Botiidae,
we extracted every polyploid clade and its sister diploid clade. We reconstructed
the diversification pattern for each clade independently. We used two different
diversification methods enabling macro-evolutionary rate fitting as a function of
time to compare the dynamics of diversification and highlight potential signs of
delayed rise after the paleopolyploidy compared to species that did not experience

such event.
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Figure 3.1: Polyploidization events considered in this study. Green names represents
either lineages where the common ancestor experienced paleopolyploidy
(Teleostei, Salmoniformes) or groups where polyploidy has been found, which
will be studied here. Black names represents groups of species that will be
studied in comparison to polyploid groups. Gray names represent other
teleost orders or other taxonomic ranks. The Teleostei paleopolyploidy event
will be studied using fossil data whereas the other events using phylogeny-
based methods. Backbone tree modified from Berthelot et al. (2014). Al-
though pictured paraphyletic, the monophyly of Perciformes has been recov-
ered in other studies (Betancur-R et al., 2013; Near et al., 2012).

The first method we used was TreePar (Stadler, 2011a). TreePar can estimate
diversification rates across time ranges for a phylogeny. The method is sequen-
tially run, from a model where only one speciation and extinction rate governs
the entirety of the tree, from its root to extant species. Then, phylogenies are
split across a range of time point and macro-evolutionary rates are estimated for
each slice created. The best estimates and time break are chosen by their asso-
ciated log likelihood values. To determine if a model with an additional break
was preferred over the simpler model, we used a likelihood ratio test at a 0.01
significance threshold, according to standard procedure for this method (Stadler,
2011a). If the likelihood ratio test favours the simpler model, the computation

is stopped and the diversification pattern will be set for the considered tree. If
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the more complex model is preferred, the computation is run once more with one
additional time break and this process will continue as long as the more complex
models are chosen. Using this procedure thus enables us to find abrupt changes

in diversification at certain time points.

The second method used was developed by Morlon et al. (2011). It enables
the fitting of any function to either macro-evolutionary rate with time as the
variable. We chose to fit either constant, linear or exponential response of rates.
We fit each type of function for each rate, summing to 9 models in total and
chose the one that fitted best our data using AAIC, as employed by Morlon et al.
(2011). This method will be referred as the function-fitting method.

We ran both analysis on the whole distribution of trees that we had acquired,
to check if all phylogenetic trees agreed onto a similar diversification scenario.
We performed the diversification analysis on all the 500 trees constituting the
distribution we extracted from the literature, on trees of Botiidae and salmonids
species, and on five subclades of cyprinids showing differential ploidy level be-

tween sister clades.

3.3.2 Fossil-based method

We downloaded from the Paleobiology database all teleost and actinopterygians
non-teleost fossil occurrences identified at the species level. For the non-teleost
analysis, we selected the occurrences matched to Chondrostei, Cladistia or Holostei
taxonomic groups. We obtained 1239 and 1515 occurrences matched to species
names for teleosts and non-teleosts respectively. Every species name present in
our datasets that matched accepted names extracted from FishBase (Froese and

Pauly, 2015) was deemed as extant.
We used PyRates (https://github.com/dsilvestro/PyRate) (Silvestro et al.,

2014), a probabilistic framework to estimate diversification rates from fossil oc-

currences of extinct and extant species without prior knowledge of relationships
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between the considered species. Additionally to speciation and extinction, preser-
vation and sampling rates for the lineages are also estimated, so that the differ-
ences between organisms of chances to be effectively observed into the fossil record
does not bias the macro-evolutionary rate estimations. On top of this probabilistic
framework, a bayesian procedure is used to explore models with different num-
ber of changes in macro-evolutionary rates. Thus, from the total distribution of
the dating of the occurrences, we are able to reconstruct the changes in diversifi-

cation rates through geological times, with both extinct and extant species fossils.

3.4 Results

3.4.1 Salmonids, cyprinids and botiids whole genome du-

plications studied with phylogeny methods

In most of the cases, both phylogeny-based diversification methods found consis-
tent results across trees. For the cases where diversification was determined as
constant for each clades (figure 3.2 and figure 3.3 panels B, C, D and E), both
methods led to the same conclusions when comparing diversification between
polyploids and diploids in all cases except for Salmonids. Indeed, in this group,
TreePar overwhelmingly led to conclude that polyploids diversified faster, whereas
when fitting varying-through-time functions, the range of estimated diversifica-
tion values for polyploids and diploids overlapped. However, for the subtrees of
Cyprinids where constant diversification was favoured in general, both methods
concluded faster diversification in every tree for polyploids, except for panel E
where no difference was observed between the two groups. Interestingly, this sub-
tree represents the youngest whole genome duplication event studied in this work.
We note that in some cases, individual trees led to apparent incoherent or wrong
inferences when using the function-fitting method: some trees (1 in figure 3.2
and 1 in figure 3.3, panel D) were fit with exponentially decaying diversification

functions, disagreeing with the rest of the distribution.
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Figure 3.2: Results for the Salmoniformes and Esociformes phylogeny. The black clade
represents the diploid Esociformes, the dark green clades the tetraploid
Salmoniformes. Only the consensus tree is represented but analysis were run
on a set of 500 phylogenies, separately for each diploid and tetraploid clade,
and the results of each run is represented with one line. TreePar analysis is
on the middle plot, function-fitting scenario on the bottom plot. One line
represents the result for one diploid or polyploid clade extracted from one
the 500 hundred trees distribution of the phylogeny. Constant diversification
models were preferred with every analysis, as no TreePar result includes a
break in diversification value, and as only constant functions were chosen by
the function-fitting method except for one outlier diploid clade. The analysis
were run with the sampling ratios extracted from Zhan et al. (2014): 0.69 for
the polyploid clade and 0.28 for the diploid one.
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Figure 3.3: (Previous page) Results for five Cyprininae subtrees, ordered from oldest to
most recent event, presented as in figure 3.2. No fossil calibration was per-
formed thus the absolute timing of the events cannot be estimated. Most
genera were recovered as paraphyletic in Zhan et al. (2014), except Capoeta,
Pseudobarbus, Schizothoraxr and Sinocyclocheilus, genera for which mono-
phyly had been documented before. Lack of monophyly prevents the estima-
tion of the sampling ratio of each subtrees, thus the analysis were run with-
out sampling information. Panel A: results comparing a diploid clade (black),
encompassing Gara and Labeo genera, with a tetraploid one (dark green) en-
compassing the Barbus, Labeobarbus, Neolissochilus, Varicorhinus and Tor
genera. Panel B: subtrees encompassing Pseudobarbus and Barbus species.
Panel C: subtrees with hexaploid Capoeta genus members and tetraploid
Barbus and Luciobarbus species. Panel D: results from a subtree of panel
A, comprising Casobarbus genera and some Barbus species in the tetraploid
subclade (black), and hexaploid species of Labeobarbus and Barbus genera
(dark green). Panel E: comparison inside the Schizothoraz genus.

When diversification was determined to be changing through time, we observe
that identical scenarios were reconstructed by both methods (figures 3.4 and 3.3
panel A). For the oldest duplication in cyprinids, TreePar results led to the sce-
nario where initially diploids diversify faster than their polyploid counterpart but,
as their diversification rates decreases nearer to the present, and the polyploid
one stays constant, most of the members of the polyploid clades appear to have a
higher diversification rates in recent time scales. When fitting varying-through-
time function responses, a similar scenario is observed for most of the trees of
the distribution, with some variability identified for the diploid clades. Indeed,
this method apparently favours alternatively one of the following scenarios for
diploids: most of them show exponential decrease in diversification, either grad-
ually or more sharply and closer to the present, and a small portion of the trees
show constant diversification, at a lower rate than the polyploids. In all cases,

polyploids are consistently diversifying faster than diploids near the present.
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Figure 3.4: Results for the Botiidae (clown loaches and allies) species, presented as in
figure 3.2. Middle plot: results for TreePar. Bottom plot: results when fitting
varying through time functions.

For Botiidae, a somewhat similar pattern was observed, where diploids ini-
tially diversified faster and then reached the approximate levels of diversification
of polyploids. For TreePar, this was materialized for the vast majority of trees as
a two-phase diversification values for the diploid clade only, with a switch in rates
near the present at roughly the same time for every tree, and a constant diversifi-
cation rate for polyploids. When fitting function-time-responses, it is apparent by
the exponential decay being favoured for a significant part of the distribution of
the diploid clade, and a constant value of diversification for most of the remainder
of the distribution of the diploid clade. Still, we note that diploid clades for which
constant values were favoured retained higher diversification than polyploids to-
wards the present. We also observe in both Botiidae and Cyprinidae that both
methods output some degree of error: 3 polyploid clades in Botiidae apparently
follow incoherent exponential behavior, whereas some degrees of divergence from
the mostly observed patterns of TreePar is seen for both Botiidae and cyprinids
(figure 3.3, panel A).
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3.4.2 Teleost whole genome duplication studied with fossil
data

From the origin of non-teleost actinopterygians till the Permian-Triassic extinc-
tion event, the diversification rate for these species stayed constant and at a
relatively high level (figure 3.5, black line), level that were never reached again
in subsequent 250 My of evolution. Their diversification rate then plunged below
zero, around the Permian-Triassic boundary (250 Mya), denoting massive loss of
species and stabilized over the long run near null diversification, explaining the

relative rarity of those species in the present day.

Although teleost fishes appeared around the boundary of the Carboniferous
and Permian periods (298 Mya) (Near et al., 2012), we are not able to estimate
diversification rates before 250 Mya because of lack of data. From 250 Mya,
teleost fishes diversified at a constant rate for more than 50 My, faster than their
non-teleostean counterparts around the same time but at lower levels than the
latter experienced before Teleostei appeared, during the Carboniferous and Per-
mian periods. They experienced a sudden drop in their diversification in the
middle of the Jurassic (around 175 Mya), consistent with the reported loss of
53 genera of ray finned fishes around this boundary (Guinot and Cavin, 2015).
They went on to a steady increase in their diversification during the Early Cre-
taceous but around 100 Mya, their diversification once again sharply decreased,
decrease possibly driven by marine specific groups (Guinot and Cavin, 2015).
Interestingly, most of the ray finned fish families disappearing at the Cretaceous-
Paleogene boundary were exclusively marine, whereas no fully freshwater family
disappeared (Guinot and Cavin, 2015). After this last drop, Teleostei diversifica-

tion rate stayed constant at a positive value until the present.
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Figure 3.5: Results of the fossil analysis, for species-matched fossils. In black is the re-
constructed diversification mean (thick line) and 95% highest density interval
(transparent area) from fossil occurrences of the Chondrostei, Cladistia, or
Holostei groups, including as extant species bichirs, bowfins, gars or stur-
geons (pictured) and allies, which did not experience paleopolyploidy. In dark
green is the results of the same analysis for the fossil attributed to Teleostei,
encompassing most of the approximate 30000 extant species, among them
cyprinids and goldfishes (pictured), whose last ancestor experienced poly-
ploidization.
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3.5 Discussion

In this study, we tested the radiation time lag model after the whole genome
duplication instances in teleost fishes. Assuming that such model should be ver-
ified, an increase in diversification rate should be seen some time after the whole
genome duplication and not exactly from the time of the event. For this we
have compared some recent and older events in ray-finned fishes, using both fos-
sil and phylogenetic data, and compared the fates of polyploid clades to their
sister diploid clades. We did not find evidence for such a model in any cases we
investigated. We also used methods with different initial assumption in order to

test their consistency across datasets.

Both methods used usually led to similar patterns of diversification. We note,
that although our study does not give evidence for the radiation time-lag model,
some clades appear to follow a somewhat related scenario for diversification. In-
deed, cyprinids show a pattern where diploids diversification is initially higher
than polyploids but then decays until it reaches lower values. The radiation time
lag model posits that key innovations occur because of the whole genome duplica-
tion, but that the radiation and the appearance of new species happen only once
the lineage carrying the key innovation is dispersed to some new environment
(Schranz et al., 2012). This hypothesis can not be fit to patterns of diversifica-
tion observed for Botiidae and cyprinids here, as it should lead to an increase
in diversification for polyploids, not a decrease in diploids. Nevertheless, the re-
sults presented here show the potential case where the evolutionary advantage of
polyploids upon diploids is not apparent before a significant amount of time, as

in the radiation time lag model.

Paleopolyploidization events in cyprinids or Botiidae have not been precisely
dated, thus it remains hard to estimate if sufficient time has elapsed so that the
hypothetical effects of the radiation time lag can be observed. Nevertheless, in
every cyprinid and Botiidae case we investigated, constant diversification was ob-
served after the polyploidy event. Even though in some case this polyploid event

led to higher diversification compared to diploids (figure 3.3 panel B, C and D),
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this pattern does not give support for the radiation time lag model because the

increase in diversification appears concomitantly with the polyploidization.

The second oldest event concerns the salmonids species. Contrary to what
Macqueen and Johnston (2014) reported when studying the diversification of
Salmoniformes, we did not find increasing diversification rates with time, but a
constant rate of diversification for both polyploid salmonids and diploids esocif-
ormes, using both TreePar and the function-fitting method. The salmonid specific
genome duplication has been dated according to different sources no later than 88
Mya (Macqueen and Johnston, 2014) or around 96 Mya (90.5-101.5) (Berthelot
et al., 2014), whereas the common ancestor to every extant Salmonidae species is
usually dated around 55 Mya (52.2-58.0 (Near et al., 2012), 52.1-59.5 (Campbell
et al., 2013)). Based on a lineage through time analysis, Macqueen and Johnston
(2014) concluded that the pattern of diversification was more consistent with an
increased diversification correlated to the cooling down of the ocean. Neverthe-
less, they did not estimate diversification rates and thus cannot conclude that
diversification increased through time in this group. Overall, we do not find evi-

dence of delayed increase of diversification after the salmonid specific duplication.

The importance of the anadromous behaviour in salmonids has already been
reported (Macqueen and Johnston, 2014) and tentatively linked with the whole
genome duplication (Alexandrou et al., 2013). Macqueen and Johnston (2014)
performed a BiSSE analysis on the phylogeny of the Salmoniformes, enabling dis-
criminated calculation of the diversification rates between anadromous and fully
freshwater species, potentially testing a correlation between evolutionary success
and this behaviour. Nevertheless, they only reported the estimation of the spe-
ciation rate of anadromous and freshwater species, and although anadromous
species had higher speciation, a higher extinction in these species could still lead
to a non significant or deleterious effect upon diversification. Alexandrou et al.
(2013) found that anadromy evolved multiple times and no sooner than 55 My
after the event of whole genome duplication, a pattern that may theoretically fit
the prediction of the radiation time lag, if the evolution of such behaviour would

lead to increase in diversification. Nevertheless, in our analysis, we found no dif-
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ferences in diversification rates even after the appearance of anadromy, and with
one of the two method used, we even found similar diversification rates between
Salmoniformes and Esociformes (figure 3.2, bottom panel), highlighting the lack

of evidence for such mode of diversification.

Most of the results found here are in partial agreement with previous studies
(Zhan et al., 2014), where differences were looked for by studying the trees as
a whole and discriminating between ploidy levels using Binary states Speciation
en Extinction (BiSSE) (Maddison et al., 2007), rather than separately analysing
each clades by ploidy-level. Indeed, their results also indicated higher speciation
rates of salmonids. Nevertheless, they reported higher diversification for Botiidae
polyploids whereas we do not find significant difference between the two clades.
But one has to bear in mind that comparison is hard, as the methods presented

here allow to model more complex evolutionary scenarios than the BiSSE models.

The teleost whole genome duplication has been alternatively dated around
350 Mya (Christoffels et al., 2004), between 300 and 450 Mya (Volff, 2005), or
between 226 and 316 Mya (Hurley et al., 2007). The most recent common ances-
tor to all teleosts was also recently dated, ranging from 307 Mya (285-333) (Near
et al., 2012), to 283 Mya (255-305) (Betancur-R et al., 2013). There is thus a
minimum lag of 50 My between the occurrence of the genome duplication and
the appearance of the common ancestor of all extant teleosts. In our results, the
first estimations of diversification are available from around 250 Mya, meaning
that fossil occurrences are not frequent enough between this date and the whole

genome duplication to precisely estimate its value.

Effect of the whole genome duplication had already been studied by looking
a the fossil record (Crow and Wagner, 2006), but without explicit modelling of
the processes of origination of families, by studying the probability of survival of
families emerging before and after whole genome duplications and hypothesized
that whole genome duplication acted as a protection against extinction of such
families. In our study, we explicitly modelled the diversification rates and found

no signal indicating a protection against extinction after whole genome duplica-
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tion over the long run in teleost fishes. Recently, the evolution of new organs,
such as the bulbus arteriosus which is specific to the teleost heart, has been linked
to their specific paleopolyploidization (Moriyama et al., 2016). Both sub— and
neofunctionalization of a duplicate gene arisen after the whole genome duplica-
tion is thought to have enabled the apparition of the bulbus arteriosus. Although
this organ had tentatively been linked to the success of Teleostei, we fail to find

such a signal in their diversification rate.

In the oldest event in our dataset, common to all teleosts, there was no in-
crease in diversification found before at least 50 My after the appearance of the
first teleost fossil, and only after a sharp decrease in diversification. Moreover,
their diversification rate reached the value of their initial diversification after
more than 150 My after their origination and never quite reached the values at
which non-Teleostei species were diversifying across the Permian and Carbonif-
erous. This seems to indicate that the tremendous diversity observed today in
Teleostei is rather the result of a steady diversification process through the ge-
ological times rather than an increased diversification promoted by the whole
genome duplication some time after its occurrence. Overall, through the 8 differ-
ent events studied here, none showed support for the radiation time lag model, yet
3 events supported higher diversification in polyploids (all belonging to Cyprin-

inae) and one showed inconsistent results between the two methods (Salmonidae).
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Chapter 4

Anagenesis at least as likely as
cladogenesis for recent ploidy

variation in 67 land plant groups

4.1 Abstract

Present day angiosperms species show significant variation at their ploidy level.
Moreover, through genome sequencing, most of them have been found to be de-
rived from ancestors that also went through multiple polyploidization. It has
been traditionally assumed that polyploidization would lead to direct reproduc-
tive isolation from the parental diploids, as triploid crosses between them would
suffer from decreased fitness. However, how frequently polyploidization directly
leads to the formation of new species has not been addressed globally. Using a
model that can reconstruct the apparition and the loss of species together with
rates of polyploidization, we can infer the relevant parameters using phylogenetic
trees. We compare models incorporating only anagenetic polyploidization, the
change of ploidy level in the same species, to models accounting in addition for
cladogenetic polyploidization, the co-occurrence of polyploidization and specia-
tion. Using data both from the literature and newly generated, we study 67
plant groups and found that 27 of them did not show support for a cladogenetic

process of polyploidization. Moreover, in the genera where evidence for both
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cladogenesis and anagenetic was found, both processes contributed equally to the
creation of polyploids. These results indicate that recent ploidy variation is as
likely to originate from cladogenesis as from anagenesis in the few groups that
have been investigated and need to be confirmed in other groups. Nevertheless,
they emphasize the need of understanding which life history traits of species can

influence the relative ratio of one process over the other.

4.2 Background

Polyploidizations, alternatively viewed as powerful events mediating evolution-
ary success (Levin, 1982) or complicating factors of evolution (Stebbins, 1950),
have been recognized as an important process shaping plants genomes (Wendel,
2015). Polyploidy at the intraspecific level is indeed rampant in plant species:
Rice et al. (2014) estimated that up to 69% of the intraspecific changes in chro-
mosome numbers were due to polyploidy and that around 16% of plant species
harbour variation at their ploidy levels. These events, mediated by gametic or
somatic errors leading to the addition of one or more chromosome sets (Riese-
berg and Willis, 2007), are thought to be at the origin of up to 15% and 31% of

speciation events in angiosperms and ferns, respectively (Wood et al., 2009).

Moreover, ancient whole genome duplications, or paleopolyploidizations, have
been identified in multiple instances in the ancestry of seed plants and angiosperms
(Jiao et al., 2012). Dating at least many tens or hundreds of millions years
ago, they have been frequently linked to the evolution of increased organismal
complexity (Freeling and Thomas, 2006) and of key innovations (Soltis et al.,
2014c) in plants. These events have also been found at the origin of the most
speciose families (Soltis et al., 2009), prompting the hypothesis of a positive im-
pact onto the evolutionary fates of lineages. Additionally, Fawcett et al. (2009)
and Vanneste et al. (2014) proposed that genome duplications protected against
extinction during periods of elevated environmental stress, for instance during

the Cretaceous-Paleogene boundary.

60



CHAPTER 4. ANAGENETIC AND CLADOGENETIC
POLYPLOIDIZATION AS LIKELY IN LAND PLANTS

Polyploidization is generally assumed to occur through aberrant meiotic pro-
cesses (Grandont et al., 2013), whereas the cases of somatic doubling are assumed
to be much rarer. Barriers to the gene flow between polyploids and diploids can
originate from the decreased fitness of triploids offspring resulting from the fertil-
ization of an haploid and a diploid gametes. Ramsey and Schemske (1998) studied
the frequency of auto— and allopolyploid formation by estimating triploid fer-
tility. They found the triploid individuals produced, along with the unbalanced
gametes, a minority of haploid, diploid and triploid ones that could permit in-
terbreeding between different ploidy levels at low levels. The minority exclusion
principle (Levin, 1975), states that the success of a cytotype depends on its rela-
tive frequency in the population. Indeed, in absence of assortative mating, most
of the offspring of the least abundant cytotypes will have parents from the other

cytotype of the population and will suffer from fitness loss.

Stemming from this reproductive isolation between diploids and polyploids,
Scarpino et al. (2014) estimated that diploids had a tendency to create more
species just because they could polyploidize more often than their polyploid coun-
terparts. The establishment of polyploid lineages can thus be explained without
needs of adaptive arguments. Similarly, Oswald and Nuismer (2011) showed
using simulations that under the assumption that polyploids display assorta-
tive matings, coexistence with diploid species is expected and demonstrates that
the patterns observed at the Cretaceous-Paleogene boundary are not necessarily
due to selection. Moreover, studying the whole genome duplications in Andro-
pogoneae, a grass tribe, Estep et al. (2014) found no support for higher success of
polyploid species although allopolyploidy was an important mechanism for speci-
ation. Under this emerging picture, polyploidy helps building barriers to the gene
flow during the establishment of a new species, differing at the ploidy level from

its closest relative, but does not subsequently bring elevated evolutionary success.

The study of evolutionary success can be performed by considering diversifi-
cation, the difference between speciation () and extinction (i) rates. It has been
widely studied through the tree of life since the influencial publication of Nee et al.

(1994b), enabling its estimation from phylogenetic trees. Denoting the net num-
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ber of species created per unit of time, diversification is widely used as a proxy
for evolutionary success and a number of methodologies has been developed in
order to explain its changes in the tree of life (Morlon, 2014). The variety of mod-
els estimating diversification across time, environments or traits makes possible
testing macro-evolutionary hypotheses regarding the processes leading to species
appearance or loss. Paleopolyploidy in plants has recently been investigated us-
ing these methods, and deemed to positively influence diversification after a time
delay (Tank et al., 2015). Another variety of these methods estimating diversi-
fication builds on the Binary States Speciation and Extinction (Maddison et al.,
2007) (BiSSE) framework, that enables to test association between speciation or
extinction rates and qualitative or quantitative traits of the extant species of a
phylogeny (Maia et al., 2013; Rolland et al., 2014a,b; Spriggs et al., 2014; Weber
and Agrawal, 2014).

Using these phylogeny-based methods, Mayrose et al. (2011) set on to study
the effect of recent polyploidies upon diversification. By selecting 63 genera where
ploidy variation was known and analyzing them separately, Mayrose et al. (2011)
focused on the recurrent polyploidization events, dating recently on the evolution-
ary time-scale. Based on a BiSSE analysis, the authors observed that diploids
seemed to create more species than their recent polyploid counterparts. This ini-
tial result has led to discussions regarding the philosophical, technical, and data
implications regarding the study of the effect of recent ploidy changes on evolu-
tionary fate (Soltis et al., 2014a; Mayrose et al., 2014). Studying diversification
rates after recent polyploidization comes with a variety of hurdles that have been
addressed in the discussion: the reticulation pattern of allopolyploid speciation,
frequent in plants (Majure et al., 2012; Mason-Gamer, 2013; Diaz-Pérez et al.,
2014), that can not be represented using phylogenetic tree, the low sample size
and power of the methods used in those cases (Davis et al., 2013), the difficulty of
classifying plants either as polyploids or diploids, since most of them stem from
paleopolyploidy somewhere in their ancestry (Soltis et al., 2009) or the taxonomic

uncertainty surrounding polyploid accessions.

In this work, we aim to study the contribution of cladogenesis and anage-
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nesis to the formation of polyploids using phylogenetic data for the first time.
Anagenesis refers to the process of character change occurring inside a species,
whereas cladogenetic change occurs simultaneously to speciation. Anagenetic
polyploidization would indicate a shift from diploidy to polyploidy along the same
species whereas cladogenetic polyploidization would trigger the apparition of a
new species because of the polyploidy change. We propose, by using a method
simultaneously estimating all macro-evolutionary rates relevant to the speciation
and character change processes considered here, to quantify how much much re-
cent polyploidy variation stems from anagenesis and cladogenesis in a few tens of
vascular plant genera. We will compare different models including and excluding
cladogenetic processes to find out whether speciation usually occurs with poly-

ploidization.

4.3 Materials and Methods

4.3.1 Phylogenetic reconstruction and aggregation

From Soltis et al. (2014a), we identified four additional groups of interest to study
anagenetic and cladogenetic polyploidization processes: the genera Draba, Med-
icago and Opuntia and the subtribe Loliinae. To reconstruct the phylogeny of
our four groups of interest, we used orthoMCL (Fischer et al., 2011) to cluster
orthologous genes of species belonging to theses groups extracted from GenBank

(Benson et al., 2005). Table 4.1 lists the genes used for each group.

We aligned the clustered genes using MAFFT (Katoh and Toh, 2008) and ran
jModelTest (Darriba et al., 2012) to identify the most likely model of substitution.
We used BEAST (v1.7.1) and its associated software (Drummond et al., 2012b)
to reconstruct the trees, using lognormal relaxed clock, birth-death process for
the tree prior and the closest substitution model configurable by this software
(table 4.1). We did not calibrate our trees using fossil knowledge. We let the
MCMC run for 200 million generations and visually checked with Tracer that

convergence was reached. We used TreeAnnotator to produce a single consensus
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Group Loci name Substitution model
Draba ITS1+4+1TS2 GTR+GHI
trnL TN93+G
Loliinae ITS1+ITS2 GTR+GHI
trnlL GTR+GHI
Medicago 1TS1+I1TS2 GTR+G+I
ETS GTR+G
trnL+matK GTR+G
GA3ox1 GTR+GHI
Beop GTR+G
rpS14 intergenic spacer GTR+I
CNGC5-like protein gene GTRA+I
Opuntia  ITS1 + ITS2 GTR+G+I
trnL, + trnF GTRA4G+I
matK GTR+G+I
psbJ spacer GTR+G+I
atpB-rbcLs intergenic spacer GTRA+GHI

ndhF / ndhF-rpl32 intergenic spacer GTR+GHI
phosphoenolpyruvate carboxylase gene GTR-+G+I
yefl GTRA+G+I

Table 4.1: List of genes used for reconstruction

tree, discarding as a burnin the first 10000 trees of the MCMC distribution.

We carried on a reanalysis of the 63 genera presented in Mayrose et al.
(2011). We downloaded the phylogenies and the ploidy calls of the extant species
from their dryad repository (http://datadryad.org/resource/doi:10.5061/
dryad.6hf21). These 63 genera with the four groups we reconstructed in this

analysis constitutes the bunk of our dataset in the present study.

4.3.2 Chromosome number evolution reconstruction

For our four newly assembled trees (Draba, Medicago, Opuntia and Loliinae),
we mapped the chromosome counts extracted from the Chromosome Counts
Database (CCDB), listing chromosome number for plant accessions (Rice et al.,
2014), and used chromEvol (Glick and Mayrose, 2014) to identify past polyploidi-
sation based solely on those counts. ChromEvol implements different models of

chromosome number evolution and estimates rates of various events, such as chro-
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mosome gain, loss, or whole genome duplication.

We used the associated Polyploidy Inference Pipeline (PIP), following the in-
struction provided by the authors (http://www.tau.ac.il/~itaymay/cp/chromEvol/
chromEvol_v2.0_manual.pdf). The pipeline uses AAIC to choose the optimal
model of chromosome number evolution. If the favoured model included poly-
ploidization, the pipeline can call the species as either diploid or polyploid. Using
the phylogenetic tree distribution and simulations of chromosome number evolu-
tion using parameter estimates from the model (rate of chromosome loss, gain,
and of whole genome duplication), PIP estimates duplication thresholds, above

or below which species can be determined as diploid or polyploid.

4.3.3 Macro-evolutionary rates estimation

To estimate the relative contribution of anagenetic and cladogenetic processes
of polyploidization, we used the Binary State Speciation and Extinction (BiSSE)
(Maddison et al., 2007) and its alternative node enhanced state shift (ness) model
(Magnuson-Ford and Otto, 2012) coupled with Bayesian Model Averaging (BMA)
(Silvestro et al., 2013). The classic BiISSE model incorporates 6 different param-
eters: Ao and \;, respectively speciation rates of diploids and polyploids, py and
111, extinction rates of diploids and polyploid, and ¢y and ¢;o, the rate of be-
coming a polyploid for a diploid species and vice-versa. g1 and ¢ represent the
anagenetic rates, modeling the change in ploidy level without a speciation event.
As our dataset represents only very recently formed polyploids, we constrained
q10, the rate of polyploids going back to the diploid state, or diploidiziation, to
0. The anagenetic rate of polyploidization will then be estimated by ¢o;.

To incorporate cladogenesis, we used the BiSSE-ness model (Magnuson-Ford
and Otto, 2012). It incorporates four additional parameters: po., Pic, Poa, Pla-
The first two parameters are the probability of a diploid or a polyploid lineage
undergoing ploidy increase (for diploids) or decrease (for polyploids) when spe-

ciating, and the last two are the probability of asymetric character inheritance
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after a simultaneous speciation and character change event. pg, is the probability
of having one daughter lineage being diploid and the other polyploid when the
ancestral lineage is speciating and undergoing polyploidization at the same time,
the opposite event being having both daughter lineages polyploids after a diploid
ancestral lineage speciating. py, refers to the equivalent event when the ancestral

lineage is polyploid and undergoes diploidization and speciation at the same time.

As we constrained the rate of diploidization to 0, we also constrained p;. and
P1q to 0 in all our calculations. Indeed, as polyploid species are never going back
to the diploid level, the probability of such an event occurring simultaneously
with speciation (p;.) or being simultaneous to speciation and leading to asym-
metric character change in the daughter species (p1,) both remains irrelevant for
our study. As we consider that, in the case of simultaneous polyploidization and
speciation (po.), the reproductive isolation between the two daughter species is
a direct consequence of the ploidy difference, we set the probability of having
asymmetric character change after simultaneous polyploidization and speciation
(poa) to 1. From the four parameters added by BiSSE-ness, only one will be ef-
fectively estimated, po., which is the probability of a speciation event in a diploid
species occurring at the same time as polyploidization. Magnuson-Ford and Otto
(2012) showed using simulations that this parameters can be reliably estimated
with BiSSE-ness. Thus, the net cladogenetic rate will be estimated by Ag - poe,
the product of the speciation rate of diploid with the probability of such an event

being simultaneous with polyploidization.

To estimate if models incorporating cladogenetic character change signifi-
cantly explained better the data than pure anagenetic character change, we used
Bayesian Model Averaging (BMA) following Silvestro et al. (2014). We run pre-
liminary MCMC runs for each of the models listed in Table 4.2, with the variants
of the models incorporating or excluding cladogenetic rates of polyploidization
using the consensus tree for each group. We used thermodynamic integration to
calculate the marginal likelihood and the relative probability of each 20 models.
We selected all models whose relative probability was higher than 5% and ran
a full MCMC chain for each, on a distribution of 100 trees. At the end, each
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MCMC run was weighted by the relative probability of the associated model.
For the phylogenies collected from the literature, we used the sampling values
provided by the authors (Mayrose et al., 2011). We estimated the sampling of
the newly reconstructed groups using species number estimates from the plant
list (The Plant List, 2013).

Model number | Condition on speciation  Condition on extinction  Description
I Ao = A1 pno =p1 =0 Equal speciation, no extinction
11 Ao # A1 o =p1 =0 Different speciation, no extinction
II1 Ao = A1 pno =0 Equal speciation, no extinction in diploids
IV Ao = A1 p1 =0 Equal speciation, no extinction in polyploids
A\ Ao = A1 pwo =p1 #0 Equal speciation, equal extinction
VI Ao # A1 wo =0 Different speciation, no extinction in diploids
VII Ao # A1 u1 =0 Different speciation, no extinction in polyploids
VIII Ao # A1 pwo =p1 #0 Different speciation, equal extinction
IX Ao = A1 po # p1 #0 Equal speciation, different extinction
X Ao # M1 po # p1 #0 Different speciation, different extinction

Table 4.2: Summary of the 10 different standard BiSSE Models. We tested this 10 models
twice, once enabling only for anagenetic polyploidization, once enabling for
both anagenetic and cladogenetic polyploidization.

4.4 Results

Out of the 67 groups investigated, models excluding cladogenesis were favoured
for 27 of them. Thus, the adjunction of cladogenetic rate of polyploidization did
not help to explain better the patterns of diversification based on phylogenetic
data of those groups. Anagenesis was deemed to be the most likely process of
origination for polyploids in those groups. Figure 4.1 shows the repartition of
the groups studied over the global vascular plant phylogeny. The groups showing
purely anagenetic polyploidization do not seem to show any pattern of occurrence
across plants (in brown). No part of the tree of land plant seems to be particu-
larly affected or depleted from purely anagenetic clades. Nevertheless, only three
groups of ferns out of 11 are purely anagenetic. Similarly, closely related species
do not appear to evolve necesarily under the same mode, as for instance Primula
shows cladogenetic polyploidization but Dodecatheon does not, or as Aeonium

and Aichryson also do but Graptopetalum does not. The appearance or the dis-
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appearance of cladogenetic behaviour thus appear to be under rapid turnover.

Table 4.2 shows the estimates of anagenetic (go1) and cladogenetic (Ao - poc)
rates for the groups of species where models using cladogenesis were favoured by
the thermodynamic integration method. No groups showed significantly higher
cladogenetic rate over anagenetic polyploidization and only one group (Asplenium
species of New Zealand) showed higher anagenetic over cladogenetic polyploidiza-
tion. Overall, in every other group where a mixture of model was favoured, no

difference between the two processes was found.
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Figure 4.1: Overview of the groups studied in this study in a phylogeny of 30000 vas-
cular plant species produced by Zanne et al. (2014). Dark green clades are
the groups that were studied in the present work, with their associated genus
names. Clades were collapsed to represent their diversity in the sampled tree,
not their overall diversity. Brown labeled genera represent groups were clado-
genetic rate was estimated as zero. Two groups, Asplenium and Dryopteris,
represent respectively 2 and 3 different monophyletic clades that were anal-
ysed separately, but that all supported models with cladogenetic polyploidiza-

tion.

69



CHAPTER 4. ANAGENETIC AND CLADOGENETIC
POLYPLOIDIZATION AS LIKELY IN LAND PLANTS

Genus Rate values Cladogenetic

models weight

0
Achillea = 100%
Achimenes = 1%
Actinidia e 100%
Aeonium e 100%
Aichryson e 100%
Argyrochosma et 100%
Arisaema e 100%
Asplenium r—— e 00173
Asplenium v 100%
New Zealand
Betula e 100%
Campanula e 100%
Centaurium e 100%
Cerastium e 100%
Collomia e 100% Figure 4.2: Boxplots of the esti-
Cucumis e 100% mates of cladogenetic
Cyrtomium } — 76% (blue) and anage-
Draba e  89% netic (brown) rates of
Dryopteris | ; : 100% polyploidization from
Dryopteris s 100% groups where models
China with cladogenetic pro-
Dryopteris NA &5 " 100% cesses were favoured,
Brodium et 100% with the total weight
Festuca T 58% explained by models
Gunnera —— 100% with both cladogenesis
Houstonia = 100% and anagenesis.
Isoetes e 100%
Lathyrus e 100%
Leavenworthia =  —F—— 100%
Lygodium I 92%
Medicago — 80%
Microseris ‘ f 100%
Myriopteris — 100%
Opuntia i ‘ ; 100%
Pelargonium " : 100%
Pellaea Eer—f—— 100%
Penstemon = 100%
Phacelia = 100%
Primula e 100%
Senecio "  54%
Solanum et 59%
Viburnum === 100%
0

70



CHAPTER 4. ANAGENETIC AND CLADOGENETIC
POLYPLOIDIZATION AS LIKELY IN LAND PLANTS

4.5 Discussion

4.5.1 Origin of polyploid individuals

In our work, using phylogenies and macro-evolutionnary rate estimations, we have
shown that the anagenetic polyploidization rate is at least as high as the cladoge-
netic polyploidization rate in the land plant genera we investigated. Anagenetic
polyploidization leads to the entirety of a species to switch to polyploidy. It would
occur through the formation of polyploids and the subsequent disappearance of
diploids individuals. On the other hand, cladogenetic polyploidization denotes
the appearance of a different polyploid species, without the loss of the parental
diploid. Both processes could happen with or without gene flow occurring be-

tween the two populations during the early stages of isolation.

Recent discussion arose regarding the relevance of the anagenesis and clado-
genesis notions (Vaux et al., 2015). Vaux et al. (2015) argued that anagenesis
and cladogenesis were unecessary terms, that have been used loosely and to re-
fer to different processes. Originally, Gould and Eldredge (1977) proposed that
phenotypic evolution observed in the fossil record was punctuational, and that
most changes occurred at speciation, as opposed to phyletic gradualism. Pennell
et al. (2014) tried to untangle the search for punctuated equilibrium in macro-
evolutionary studies by dividing it in different questions: whether evolution is
saltational or gradual, whether it happens at speciation or not, among others.
Although chromosomal number can evolve gradually, by fussion or fission (Es-
cudero et al., 2014), change in ploidy level is a purely saltational process. What
we tested presently is how likely such a change can occur simultaneously to a
speciation event, for which most authors agree that it is synonymous to testing

cladogenetic processes (Pennell et al., 2014).

One of the key question remains on how much gene flow is preserved between
the cytotypes. However, such processes, happening at the level of populations,
cannot be captured by the phylogenetic models that we used presently. A variety

of factors might influence the relative chance of each of the processes occurring,
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but we have shown in the present work that polyploid species in general emerge

as much from one of the process as from the other.

Ecological differentiation between ploidy levels could theoretically favour clado-
genetic polyploidization (Parisod, 2012). It has been identified in many instances
in the building up of reproductive isolation in plants (Baack et al., 2015). As
phenotypic variation has frequently been associated with ploidy variation (Chen,
2007), specialization into new niches of neopolyploids might be likely and was
indeed found in some instances (Hijmans et al., 2007). Polyploids would then
escape competition from their parental, better adapted diploid counterparts and
both populations could remain isolated and persist over time, eventually leading
to cladogenetic polyploidization. Nevertheless, recent findings showed significant
ecological niches overlap between polyploids and their diploid parents (Glennon
et al., 2014). By studying diploid-polyploid pairs of 20 different species, Glen-
non et al. (2014) found that both members of the pair occupied similar climatic
environments. This study casts doubt onto whether niche shifting can explain
the process of cladogenetic polyploidization, although other reports on individual
species reported climatic differentiation across ploidy levels (Theodoridis et al.,

2013).

The origin of the neopolyploids might also influence how likely they are to dis-
place or complement their parental diploid species. Polyploids have traditionally
been classified as either allopolyploids or autopolyploids. Although sometimes
distinguished cytogically, based on the chromosomal segregation pattern (dis-
cussed by Soltis et al. (2010)), these terms have been mainly used in a taxonomic
context. Autopolyploids then refers to polyploids whose parents belong to the
same species whereas allopolyploids are hybrids between two different species.
Outcomes of allopolyploidy events have been frequently studied in the lab (Liu,
2003; Petit et al., 2010) or over evolutionary timescales (Hegarty et al., 2013;
Senerchia et al., 2014). For instance, non additive gene expression in polyploid
hybrids with respect to the diploid parents is expected because of complex inter-
actions between the two different genomes (Cox et al., 2014; Yoo et al., 2014).
Besides, allopolyploids could benefit from hybrid vigor without suffering potential
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defects in chromosomal pairing of the diploid hybrids at meiosis (Otto, 2007). Al-
lopolyploids also exhibit extensive gene expression variation (Buggs et al., 2014),
epigenetic remodelling (Liu, 2003), differential mobilization of repeat sequences
(Renny-Byfield et al., 2013), compared to their progenitors. All mechanisms pos-
sibly favour phenotypic alteration. In their study, Glennon et al. (2014) did not
differentiate between autopolyploids and allopolyploids, so it might still be possi-
ble that allopolyploid formation favours cladogenesis through occupancy of differ-
ent climatic and ecological niche. If most allopolyploidizations lead to cladogene-
sis and autopolyploidization to anagenesis, then our results are in agreement with
the recent finding of autopolyploids being as frequent as allopolyploids (Barker
et al., 2015).

Anagenetic polyploidization could occur through the complete replacement of
the diploid population by the polyploid one, that can be mediated by neutral or
adaptive processes. If anagenesis is to occur, both diploids and polyploids must
be sufficiently related so that they form one single species complex. Thus, some
degree of coexistence between the two populations is expected after polyploidiza-
tion. The mechanisms governing the evolution and coexistence of polyploid and
diploid populations have been heavily investigated. One of the first processes de-
scribed is the minority cytotype exclusion, whereby the individuals of the rarest
cytotype are driven to extinction (Levin, 1975). Using populations of Chamerion
angustifolium, Husband (2000) found indeed that the fitness of tetraploid individ-
uals was correlated with their prevalence in the population. The role of triploids
in the fate of diploid and polyploid coexistence in particular has been empha-
sized (Petit et al., 1999). They can act either as blocks, preventing gene flow to
occur between the cytotypes, or as bridges, in this case enabling interbreeding.
For instance, Husband (2004), in the same system, discovered that a significant
portion of new tetraploids at each generation originated from triploid individuals.
Similarly, Slotte et al. (2008) found that in the genus Capsella, polyploidization
did not lead to instantaneous isolation from the diploid parents, possibly through
gene flow via the triploid hybrids. On the other hand, many other examples where
triploid act as blocks have been found in nature (Moyle et al., 2004; Baack, 2005;

Kohler et al., 2010). However, using mathematical modelling of gametogenesis
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in mixed cytotypes systems, Suda and Herben (2013) showed that parameters
related to the even-ploid organisms were the most important for determining the
subsistence of polyploids in a population. They emphasized that simple models
were sufficient to explain the coexistence of mixed cytotypes populations and that

the prerequisites were less stringent than previously thought.

4.5.2 Methodological considerations

In this work, we have used BiSSE and BiSSE-ness to infer macro-evolutionnary
parameters governing the formation of polyploid species. A note of caution has
recently been issued regarding the use of this suite of methods (Rabosky and
Goldberg, 2015), emphasizing a high risk of Type I errors. The authors showed
that if a trait was indeed influencing diversification in a phylogeny but one was
to study another trait without effect, spurious correlation between diversification
and this trait was likelier to be found for the slowest evolving traits. Follow-
ing this, they advised caution when studying traits that changed only once in a
potential ancestor and was inherited by a single clade on the tree, rather than
independently changing in multiple places of the phylogeny. In our study, we
used model choosing to infer which evolutionary scenario was more likely in 67
plant groups. Selecting an appropriate number of groups to study the trait of
interest is one of the advice given by Rabosky and Goldberg (2015) to avoid the
pitfalls of the BiSSE methods.

Magnuson-Ford and Otto (2012) have investigated the precision of the BiSSE-
ness method to estimate anagenetic and cladogenetic rates. They found good
performance for the parameters studied presently (po.), which is the cladogenetic
speciation probability, but poor estimates for py, and pi,, which are the prob-
ability of asymetric character changes, that we did not consider here. Overall,
Magnuson-Ford and Otto (2012) found similar estimates of speciation and ex-
tinction between BiSSE and BiSSE-ness, and, consistently with other methods,
better speciation estimates compared to extinction. This result shows that we

can draw reliable conclusions regarding the anagenetic and cladogenetic processes
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using BiSSE-ness.

Davis et al. (2013) also explored the power of the BiSSE methods, focusing
more on Type II errors. Simulating phylogenies with character states influencing
speciation and extinction, they found a very low chance of recovering significant
results when the phylogenies show extreme character state bias or low number of
extant species. They advised caution for authors drawing conclusions based on
analysis on trees having less than 300 species (Davis et al., 2013). In the present
study, all trees used included less than 300 species, and the biggest ones had
195 (Loliinae subtribe), 162 (Draba), 144 (Opuntia) and 80 (Medicago) species.
Thus, the phylogeny we used presently are generally undersized for testing the
association between one trait and diversification. However, the power of BiSSE
and BiSSE-ness methods to test for cladogenesis and anagenesis, with respect to

the size of the tree, has not yet been investigated.

4.6 Conclusion

We showed that polyploids are as likely to emerge from anagenesis as from clado-
genesis. Nevertheless, the influence of hybridization, reproductive mode and life
history traits over the contribution of each process still need to be clarified. This
could be performed once data regarding the groups considered in this study have
been systematically collected, enabling the correlation between those traits and

the likeliness of anagenesis and cladogenesis polyploidization.
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Chapter 5

Perspectives

5.1 Outline of my work

In the first part of my work, chapter 2, I have simulated how one could expect
phylogenies to look like under a wide variety of models of diversification, go-
ing from the standard “nothing interesting is happening” scenario to scenarios
mimicking some of the hypothesis linking diversification and polyploidy (Lau-
rent et al., 2015). I have used those simulations to learn how methods can be
tricked into wrongly favouring one model over another. Still, I have shown that
in general the methods tested performed well at detecting the events they were
set to identify, even in the presence of substantial amount of noise. Moreover, as
a multiple number of factors are constantly influencing the fate of lineages, I have
shown that aiming at a global understanding of biodiversity trends will probably
require unification or comparison of most diversification methods. Finally, I have
emphasized that taking into account and identifying mass extinction events was
an important part of the diversification pipeline, and that developing new tools
for this task is important (May et al., 2015), in particular if one is to show that

some traits allow escape from such events.

In chapter 3, I have studied how scenarios with delayed rise in biodiversity can
be identified using a variety of methods. I have shown that even using frameworks

that make different assumptions about how diversity changes, one can reconstruct
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the same biological histories. I have also brought some evidence and discussion
of how actinopterygians respond to polyploidy, in particular how we did not de-
tect signal for the radiation time lag model using both phylogenetic and fossil
data. We tested a few relatively old paleopolyploidization events, at the origins
of Teleostei and Salmoniformes, as well as more recent or undated events, those
occurring in cyprinids and botiids. Luckily, the fossil record of actinopterygians

enables us to test the effect on diversification on old events.

The final part of my project, chapter 4, is related to the link between poly-
ploidy and evolutionary success, but I explored an alternative angle of the debate.
I used models incorporating anagenesis and cladogenesis to explain polyploidy
fixation and quantified the contribution of each process. Using phylogenies, I
showed that in a significant number of cases, the addition of cladogenesis does
not help to explain the data we are observing. For the cases where cladogenesis
did help, it was estimated that polyploids emerged as much from this process
as from anagenesis. Nevertheless, the actual biological traits that influence the
favour on process over the other still need to be thoroughly investigated. I have
also provided a discussion of which botanical traits might be at play in the bal-

ance of these two processes.

5.2 Linking diversification and polyploidy

Replication is key to the scientific approach but carrying it out is cumbersome in
macro-evolutionary studies (Bromham et al., 2015). Redoing an experiment in
the lab is feasible, but we will never be able to do controlled and replicable exper-
iments for determining whether the dinosaur extinction led to the diversification
of mammals (O’Leary et al., 2013), whether the acquisition of novel microRNAs
families is key to the increased morphological complexity of vertebrates (Heimberg
et al., 2008) or whether genome size correlates with fitness in some beetles species
(Arnqvist et al., 2015). Thus, the need of designing another kind of “replication
procedure” is paramount to hypothesis-testing in macro-evolution. It can be done

by repeatedly identifying our trait of interest in the tree of life and running our
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methodology of choice in each of those instances, hoping that given enough data
points, some signal will emerge out of the noise induced by all the aside variables
that cannot be controlled in such settings. Doing so for polyploidization requires

the study of their instances across every groups in the tree of life.

Settling the debate concerning the link between polyploidization and diver-
sification will require extensive additional computational experiment and data
collection. Moreover, it will also include testing a variety of models of diversifica-
tion to encompass the many hypothesis presented, as was performed in the present
work. Uncertainties regarding every step of the endeavour can be addressed in a
variety of ways. First, phylogenetic uncertainties can be incorporated by integrat-
ing many sources of information. Right now this correction is mostly carried on
by using a distribution of trees for the diversification computations. Nevertheless,
querying resources storing phylogenetic knowledge, such as TreeBase (Sanderson
et al., 1994) or Open Tree of Life (Hinchliff et al., 2015), for all phylogenies con-
cerning our organisms of choice can also be perfomed in order to incorporate

uncertainties about relationships between species.

Next, the development and the use of appropriate diversification methods are
also paramount in this search. For instance, as BiSSE-like methods deal with
character states at the tips, one must recognize that they can only bring answers
regarding recent events of polyploidization. Thus, paleopolyploidy must be inves-
tigated through other tools, as was performed in this work with fossil data and
methods reconstructing diversification rates through time. Doing so will permit
us to determine if different patterns of diversification are associated with old or

recent polyploidizations.

To test polyploidy effects on diversification, one should be able to disentan-
gle the effects of polyploidy and hybridization. For instance, Marcet-Houben
and Gabaldon (2015) determined that the paleopolyploidization event in the lin-
eage of yeast was actually masking an hybridization event. They showed that
old hybridization events were identifiable using molecular data and that poly-

ploidization was a possible means of fertility restoration for the hybrids. Thus,
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the possibility exists that some of the effects seen after polyploidization can be
attributed to hybridization. Therefore, before giving a definite answer regarding
this question, formally distinguishing between allopolyploidy and autopolyploid is
necessary. Recent work aiming for better identification of homoeologs (Bertrand
et al., 2015; Glover et al., 2016) or assessment of the polyploidy origin with whole
genome data (Roux and Pannell, 2015) might for instance enable us to perform

such discrimination.

5.3 Divergences and convergences between plant

and animal polyploidies

Through my work (chapters 3 and 4), I have used data from two of the groups
where polyploidy has been the most investigated, namely actinopterygians and
plants. Although I have not tested the same hypothesis in both cases, one in-
teresting open question remains whether polyploidy has different outcomes be-
tween plants and this group of animals. One could test for instance if recent
polyploidizations in actinopterygians also originate equally from anagenesis and
cladogenesis. Nevertheless, the sparsity of recent polyploidy in actinopterygians,
contrary to plants, would enable us to test the hypothesis solely on a reduced
number of groups. Regarding the radiation time lag hypothesis, testing the effect
of old events in angiosperms is hard because of lack of fossil data. Apart from
using a backbone tree and families richness as a proxy for evolutionary success
(Tank et al., 2015), an alternative test could be performed using the time-varying
diversification estimations of chapter 3. A potential experiment could be designed
by identifying on the land plant phylogeny the ancestral nodes where paleopoly-
ploidy is likely to have occurred. Then, one could reconstruct the subsequent
diversification trends, to check if an increase consistent with radiation time lag is
detected. However, the signal in favour or against an increase in diversification
rate would mostly rely on the few speciation nodes occurring after the paleopoly-

ploidization. The uncertainty on such results might therefore be very wide.
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The most apparent discrepancy between plants and animal regarding poly-
ploidy relies in the fact that it is much more widespread in angiosperms (Jiao
et al., 2011) than in animals. Additionally to a few actinopterygians, variation
at the species level in vertebrates appears to be limited to amphibians (Mable
et al., 2011) and to few squamates (Bogart, 1980), although the potential case
of a tetraploid red vizcacha rat has been debated for more than a decade (Gal-
lardo et al., 1999; Svartman et al., 2005; Gallardo et al., 2006; Teta et al., 2014).
Muller (1925) argued that the reason for this discrepancy was not lack of viability
of polyploid animals but because of their sex chromosomes. This assumption has
been revisited first by Orr (1990), who emphasized the role of dosage compen-
sation between sexes as major deterrent for polyploidization, and then by Mable
(2004), who chose to focus on the traits that would favour polyploidy rather
than prevent it, such as elevated number of unreduced gametes or mechanisms
favouring intra-cytotype mating. Mable (2004) also emphasized the link between

reproductive mode and polyploidy, whether it be for plants or animals.

Cases of polyploid asexuals have been identified in insects and in squamates
(Otto and Whitton, 2000) as well as in molluscs (Larkin et al., 2015). This lat-
ter case demonstrated that under lab conditions, triploid and tetraploid asexuals
outgrew sexual diploids (Larkin et al., 2015), raising the question of how sexual
diploids could survive in the wild. One possible explanation could reside in the
limited availability of resources in the environment. In plants, Guignard et al.
(2016) showed that growth of polyploids under nitrogen and phosphorus limita-
tion was significantly lower than diploid growth. Similarly, Neiman et al. (2013)
argued that polyploidy costs could provide a way for sexual individuals to persist

when asexuals are associated with higher ploidy levels.

In plants, the conversion from hermaphroditism to dioecy through polyploidiza-
tion has been found to be quite frequent (Ashman et al., 2013) although the
reverse case has also been found, in Mercurialis annua for instance (Buggs and
Pannell, 2006). In both plants and animals, polyploidy and sexual systems are
suspected to be intertwined, but determining which is cause and consequences

is hard. For instance, polyploidy could lead to disruption of gene expression
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responsible for sex-determination, but unreduced gametes as the results of a
modified reproductive system could favour the apparition of polyploids (Ash-
man et al., 2013). Gonochorism is much more frequent in animals than dioecy
in plants, as well as sex chromosomes and dosage compensation (Ashman et al.,
2013; Wertheim et al., 2013). Thus, one of the key component for concluding
whether polyploidy has different outcomes between plants and animals would be
to compare across the two groups events occurring on the similar biological back-

ground of the organisms.

Polyploidy does not have the same phenotypic impact on plants and animals.
Although cell size is usually doubled with the doubling of the genome, total organ
size is controlled during the establishment of the animal body plan (Orr-Weaver,
2015), hence the overall size of a polyploid animal is expected to be similar to a
diploid one. On the other hand, polyploid plants are usually bigger than their
closest diploid relatives (Mable, 2003). Plant polyploids are expected to be more
phenotypically different compared to their parents than animal polyploids, thus
the evolutionary perspective could diverge between the two orders. As anagenesis
was as likely than cladogenesis in plants and if the probability of cladogenesis does
depend on the phenotypic divergence between cytotypes, then the same results,
or an even greater contribution of anagenesis, should be expected in actinoptery-

gians.

Historically the study of the link between diversification and polyploidy has
rarely been performed on other organisms, whether they be animals or not. For
instance, polyploidy in yeast (Scannell et al., 2006) and in plasmodium (McGrath
et al., 2014a,b), was identified early on and heavily studied at the molecular level,
has not been investigated through its link with diversity or success, probably be-
cause these groups are species-poor compared to plants and animals. Evidence
of paleopolyploidy in other groups of animals has also been found, in one of the
chelicerata ancestor for instance, as the genome of the present day horse-shoe
crab showed (Kenny et al., 2015). Some other parts of the plant tree of life have
recently been identified as paleopolyploids, such as conifers (Li et al., 2015; Scott
et al., 2015b) or horsetails (Vanneste et al., 2015).
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5.4 Short and long term consequences of poly-
ploidy

Polyploids could be no more likely than diploids to survive when they originate
but once species or lineages underwent polyploidization, their evolutionary poten-
tial could be higher, as the radiation time lag model posits (Schranz et al., 2012).
Some authors went as far as suggesting that the mechanisms leading to polyploid
formation through unreduced gametes were not molecular errors but selected
for because generating polyploids was adaptive. Mason and Pires (2015), in an

opinion article pushing for polyploidy as an adaptive phenomena, concluded with:

“Taking these observations together, we propose that unreduced ga-
metes are maintained across widely disparate lineages because the
ability to produce unreduced gametes facilitates lineage survival by

allowing polyploid speciation, particularly in response to stress.”

For this to be true would require natural selection to be effective on a trait
that could eventually be adaptive in a few generations. It would suggest that
natural selection is strong enough to favour the fitness loss induced by unreduced
gametes that would eventually lead to an increase in fitness in some undeter-
mined time in the future. It is akin to thinking that transposable elements litter
eukaryotic genomes because they provide variation to be selected for (Oliver and
Greene, 2009) or that mutations rate is not nil for the same reason. To the con-
trary, Lynch (2011) argued that natural selection is not strong enough to lower
mutation rates below a certain threshold, that depend on the effective population
size of the species under consideration. Subsequent enhancement to the replica-

tion machinery would then be lost because of drift.

Regarding the hypothesis of Mason and Pires (2015), a few points particularly

disprove their idea, first specifically concerning the process of gametogenesis, and
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then more generally applicable to any hypothesis that prompts natural selection

to favour a trait that will be adaptive only in a few generations.

For gametogenesis, Mason and Pires (2015) argue that since unreduced ga-
metes are created everywhere in the tree of life and through many mechanisms,
their appearance must be selected for. Moreover, they hypothesize that unreduced
gametes are more likely to appear when environmental conditions are changing
so that the polyploid offspring can adapt. However, meiosis is made of an impor-
tant number of phases and indeed any mistake in one of those phases could lead
to defects, whether the result be aneuploidy or unreduced gametes. As meiosis
is one of the most fundamental cellular process for sexual species, upon which
natural selection is the most likely to act, perfect gametogenesis would be highly
adaptive: the prospect of out-competing any gamete of their peers and having
the most fit progeny would be very favoured. The selection on genes associated
with meiosis during the first generations of tetraploid Arabidopsis (Le Comber
et al., 2010; Yant et al., 2013; Wright et al., 2014) shows this phase is strongly
submitted to natural selection. Thus, it is very unlikely that “meiotic mishap”
(Mason and Pires, 2015) during gametogenesis could be favoured by natural se-

lection, in the presence of better variants.

Finally, the unit of selection traditionally recognized in classic darwinism is
the individual. However, for the supposed adaptation in this case, polyploid
speciation, the advantage will be granted at a much higher lever than the indi-
vidual. This selection pressure is assumed to happen at the level of the lineage, as
stated by the authors, and the timescale at which it will unfold will also be much
larger. Thus the negative effect affecting the individual, over its life span, must
be counterbalanced by the positive effect at the species level, that will not be ap-
parent before generations. Unrealistically large population size, for multicellular
organisms, would be needed for the evolution of such “feedback loop” from the
species to the individual. Individuals belonging to any species, however fit as a
group it is to exploit resources or pass their genes to the next generation, will be
out-competed by more fit individuals of other less collaborative species, as Mayr

(1992) put it when he proposed “species turnover” as a better term than “species
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selection”. The same goes for species that would be more efficient at creating new
species. For these few reasons I do not think that unreduced gametes production

can be selected for as a way to produce more polyploid speciations.
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Discussion regarding “Polyploidy
can drive rapid adaptation in yeast”
by Selmecki et al. (2015)

Recently was published by Selmecki et al. (2015) a study that is highly relevant
to the subject of the present manuscript. In this paper, the authors propose to
test the differences in adaptation to a new medium of Saccharomyces cerevisae.
They derived isogenic lines, stained with two different markers (Cyan and Yellow)
and constructed clones with different ploidy levels: 1N & 2N are usual states in
yeast, but they also constructed 4N cells. The new medium they wanted to test
adaptation to was chosen as raffinose, a poor-carbon source medium for yeast,
because it is constituted of one molecule of fructose, one of galactose and one of

glucose, which have to be broken up before they can be processed.

To test adaptation, they performed the following competition experiment: in-
side a number of well, they put the same number of cyan and yellow stained
clones of the same ploidy level, with the raffinose medium. They used plates of
12*8 wells and left some of the wells empty to check for cross contamination,
which means there are approximately 80-90 experiment going on on each plate.
Each 24h, they performed flow cytometry to count in each well the number of

cyan and yellow marked cells. Departure from a 50/50 proportion inside a well
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means one of the individual acquired beneficial mutation and its progeny starts
outcompeting every other individual inside this well. They let the first experi-

ment run for 250 generations (Figure A.1).
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Figure A.1l: Percent of yellow stained cells in each experiment through generations.
Adapted from Selmecki et al. (2015)

We can see that individuals in the 4N experiments indeed adapt faster than in
the other ploidy levels: the proportion of cyan/yellow marked cells start diverging
from 50/50 at the 50th generation for the 4N, whereas divergence does not occur
before the 100/120th generation for 2N and 1N cells. They also show the rate of
adaptation for each ploidy state and each replicate, which is almost always higher

in any 4N experiment (Figure A.2).

They have, according to Figure A.2; 2 replicates (plates) for 2N and 3 repli-
cates for 4N. The number of points in this figure is, 82 (1N), 92 (2N, A), 68
(2N B), 85 (4N A), 86 (4N B), 92 (4N C). This fits an approximate number of
80 wells per plates. The problem being that in the supplementary material, the
author mention 2 plates for the 1N and 3 plates for both 2N and 4N, making it
respectively 173, 264 and 265 parallel evolution experiments. The 3 plates for
the 4N are present in the main text analysis, but one plate is missing for each
1IN and 2N, and are never mentioned again. The 2N states are always stated as

having 160 experiments, differing from the supplementary material information.

They performed Illumina and SOLiD sequencing in order to identify SNPs
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Figure A.2: Rate of adaptation for every ploidy level, for each replicate experiment.
Adapted from Selmecki et al. (2015)

after 250 generations, for 22, 24 and 28 clones for the 1N, 2N and 4N states.
They also performed a number of array of Comparative Genomic Hybridization
(aCGH) to estimate copy number variation, in particular in chromosome copy
numbers. In total, they are able to estimate the number of chromosome for 30
4N evolved clones, and they realized that most of them kept the chromosome
XIII, so they went on to do a fitness analysis. They wanted to check the effect
of the addition of another chromosome XIII to the 4N ancestor, and observed a
much better fitness than the 4N ancestor without additional chromosome XIII
(Figure A.3). Nevertheless, we can also see from the plot that the 4N ancestor
has a much lower fitness than the 2N ancestor on the new medium. The fitness
difference is pretty important (-0.5) and had the 2N and 4N ancestors competed
against each other in the new raffinose medium, the 4N would probably have

disappeared in every case.

When reading this article and doing some background bibliography search, I
came up with this highly relevant paper to this study: Allelic variation, aneu-
ploidy, and nongenetic mechanisms suppress a monogenic trait in yeast, Sirr et al.
(2015). This paper is more medically focused, but basically looks at the adapta-
tion of yeast strains to galactose, in the context of a human disease (classic galac-
tosemia). They removed a gene on chromosome II of yeast, GAL7, that prevents

the organism to grow on galactose medium because galacticol and galactose-1-
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Figure A.3: Fitness values of each expriment with respect to the mean diploid fitness
value, for diploid and tetraploid cells, with or without aneuploidy for chro-
mosomes XII and XIII. Adapted from Selmecki et al. (2015)

phosphate accumulates in the yeast cells, leading to toxicity. It is interesting
because in the case of human classic galactosemia, it is thought that toxicity
comes from the same metabolites. To do this, they constructed different yeast
crosses missing this GAL7 gene and grew them on a medium composed of 0.5%
galactose and 2% raffinose. At the end, they selected 247 strains that overcame
the toxicity induced by the missing GAL7 and sent them to perform some geno-
typing/sequencing. The strains considered here are haploid. They found that
around half (122) of the strains had kept one copy for every chromosome, but for
the other half whose chromosome number had varied, 92 of them were disomic at
chromosome XIII. So although in Selmecki et al. (2015), no difference in fitness
for 2N strains on raffinose medium was observed when you add a chromosome
XIII, it is clear that there is a fitness effect for the 1N strains (Sirr et al. provide
some statistical assessment in their paper). It appears that chromosome XIII is
playing an important role in galactose pathways for yeast, and it might be ploidy
dependent. For instance, it might be that the GAL7 gene is disrupted at the 4N
level, and that the galactose pathway can be rescued by duplicating chromosome
XIII. Anyway I think this study is pretty relevant to Selmecki et al. (2015), pre-
dates it, but it is not cited in this latter paper.

Selmecki et al. (2015) went on to perform fitness analysis by competing the
evolved clones with the 2N ancestors. They wanted to check if the faster adap-

tation capacity of 4N was still apparent after the 250 initial generations. So they
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chose 48 of the evolved 4N clones that had reached the same fitness as the 2N
ancestors. So over 265 clones, after 250 generations, only 48 of them had reached
the level of 2N ancestors. The fitness values of the other evolved 4N clones are
not given, so it could be that the 210 left had better or worse fitness than the 2N
ancestor. Was it that the fitness values of the 210 4N evolved individuals were
not computed, or they only chose to mention those who had the same fitness
as the 2N ancestors? Anyway those 48 clones are left evolving for another 500
generations and are compared to the two replicate experiments of the 2N strains
(Figure A.4). The 4N after 500 generations reached a better fitness than the 2N,
so they crossed a bigger fitness gap during the same amount of generation (250),

as they started with the same fitness as the 2N ancestor.
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Figure A.4: Fitness comparison between diploid ancestor and a variety of evolved clones.
First are the two replicate plates of diploid clones, evolved for 250 genera-
tions. Then a number of tetraploid clones that evolved for the same amount
of generations are selected and evolved for 250 generations more.

I think the data so far presented fits pretty well the following scenario: 2N cells
are much stabler than 4N cells so their fitness is much better in the new medium
than 4N (shown in Figure A.3). 4N are much farther away from the optimum
of the adaptive space than the 2N, so they can take bigger steps and the fitness
change associated with each mutation is higher than the fitness change associated
with mutation in 2N (Figure A.2)), for instance, by growing towards more stabil-

ity or by preventing multivalent formation. 4N strains also adapt by improving
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raffinose uptake, as shown in their SNP analysis. After 250 generations, some of
the 4N clones (around 20%) reach back the fitness of the 2N ancestors, the status
of every other 4N is currently unknown. One chromosome (XIII), is shown as
having important role, maybe ploidy specific, in galactose pathway, which was

already shown by a previous publication (Sirr et al., 2015).

To explore this theory, I downloaded the Supplementary Table 1 of Selmecki
et al. (2015), that lists all SNP that were identified in the evolved strains. Of
those, I extracted those occurring in the 4N and having non-synonymous muta-
tions. I put this list of 50 genes on the Saccharomyces Genome Database (Cherry
et al., 2012) to check what was the role of those genes. Just looking at the
gene standard name, one can see that hexose-pathways genes are indeed present
(SNF3, “sucrose Non Fermenting”, which is discussed in their main text, RGT1
and RGT2, “restores glucose transport”, PGU1, “polyGalactUronase”) but I also
found some interesting ones such as: CHDI1 ( “Chromatin organization modi-
fier, Helicase, and DNA-binding domains”), MSC7 ( “Meiotic Sister-Chromatid
recombination”), SMC4 (“Structural Maintenance of Chromosomes”) and other
that might be very remotely linked (CDC31, “Cell Division Cycle”, according to
its overview, it is linked to the duplication of the Spindle Pole Body, involved in
many aspects of yeast cell cycle, chromosome segregation among others). When
one does the gene enrichment analysis for those 50 genes, no enrichment is found
ever, using the proper correction, whether it be for hexose pathways or chromo-
some segregation/stability. The problem with this very raw analysis is that it
discards the fact that some genes are found multiple times across the replication

experiments.

To conclude on the paper, I think that obviously two things are going on, one
is adaptation to raffinose processing and the second is related to the chromosomal
stability of the 4N. This leads to the following observation: a proper control is
lacking in the experimental set up. Indeed, competition experiments were carried
between cells of the same ploidy level in the raffinose medium, but no competition
experiment are made on glucose, the standard medium where yeast is grown. If

this would have been done, we would have been able to discriminate between
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the two effects for the 4N: stability problems on the glucose medium, stability
problems plus hexose uptake in the raffinose medium. Moreover, it would have
been particularly interesting to perform competition experiments between differ-
ent levels of ploidy, to check if polyploids could outcompete normal diploid and
haploid cells.

This paper is also highly relevant for the debate of the impacts of polyploidy
on the evolutionary success of species. I think one of the pervasive question re-
garding polyploidy is whether or not polyploidy was fixed for adaptive reasons
in some places of the tree of life or if neutral processes are enough to explain its
appearance. In this experiment, we have seen that the 4N could have successfully
established in a new environment only if it were devoid of 2N, otherwise they
would have been outcompeted from the very start. Thus essentially, fixation of
4N would not have been dependent on their higher adaptability capacities shown
by the study. Even though I'm doubtful that the data presented so far provides
an example where adaptive process favors establishment of 4N populations, it
could be that polyploids are better adapted to new environment. But apparently
switching to raffinose for yeast is not one of such environment. Nevertheless,
this pattern could theoritically correspond to a case of radiation time lag, where
polyploid success can only occur with the dispersion in an environment where the

diploid parent is not present.
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Looking for other events of

polyploidization in Teleostei

During my study, I endeavoured to identify in some teoleost groups polyploidiza-
tion events to add data points for my aim of linking it to diversification. Here I

describe the process and the work I have performed in that direction.

B.1 Identification of the clades of interest

I made use of a collection of chromosome counts of more than 3000 actinoptery-
gians species, over a total of more than 25000, in order to try to identify potential
groups of interest (Arai, 2011). I extracted the counts for each species and I
grouped them using basic taxonomical information (Froese and Pauly, 2015). 1
built taxonomical equivalence database of fish by extracting the data for species
synonymous names of FishBase and using taxonome (Kluyver and Osborne, 2013)
to resolve uncertainties on sample names. I identified lowest taxonomical groups
harboring at least two-fold chromosomal count variation and good enough sam-
pling of chromosome counts suitable for trying to identify past polyploidy events.
Chromosome number in actinopteryigians is generally well conserved and ranges
between 40 and 50 at the diploid level (Arai, 2011), making polyploidy identi-

fication easier. Overall, I found seven potentially interesting groups, for which
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polyploidy had been well documented before (Figure B.1).
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Figure B.1: Histogram of chromosome counts for selected actinopterygian groups
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Following this, I chose to reconstruct the phylogenetic relationships for the
Callichthyidae family. Members of this neotropical family are co-mimics and show
important convergence of their color displays (Alexandrou et al., 2011), hence the
species number ranging from 150 to 200 could be a large underestimate. Poly-
ploidy has been frequently hinted at in this family (Leggatt and Iwama, 2003). I
used the pipeline presented in section 4.3.1 to reconstruct the phylogeny for the

131 species that had molecular data available.

B.2 Polyploidy event determination in Callichthyi-

dae

Chromosome counts in Callichthyidae, that includes the Aspidoras, Corydoras
and Schleromystazr genera, ranged from 20 to 67 at the gametophytic state. Fifty-
six counts were available for 34 species out of the 131 that were included in our
phylogeny (26% coverage). The four species of Schleromystax were recovered as
monophyletic whereas Aspidoras pauciradiatus was found outside of the mono-
phyletic group formed by 7 other Aspidoras species. Monophyly was supported
for this genera, but only by phenotypic data (Britto, 2003). Some species had
different chromosome counts but still appearing to be consistent with diploidy:
Corydoras undulatus (25 or 26), Corydoras melanistius (23 or 24), and Corydoras
nattereri (20, 21 or 22). Other species, scattered across the tree, showed inter-
mediate chromosome counts, ranging from 28 to 33. An important portion of the
species had more than 37 chromosomes, possibly indicating tetraploidy. Finally,
2 species had diverging chromosome counts that could indicate either different
ploidy level in the same species, wrong species assignment of some counts, or
lacking taxonomic information, which could be likely in a group were mimicry is
prevalent (Corydoras aeneus, having counts of 28,29, 30, 60,66 and 67, and Scle-
romystax prionotos, having as counts 34 and 43). I used chromEvol as described

in section 4.3.2 to perform the ploidy assignment based on this data.
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Figure B.2: (Previous page) Results for Callichthyidae for the chromosomal recon-
struction, representing the most likely state of the ancestor with the tree
colour, the calling of the species, and the number of chromosomes at the
gametophytic state for the species, in parenthesis, as were recovered from
our database of counts. Coloured blue or violet tips are species for which
the confidence measure reached set threshold for significance and could be
called either diploid or polyploid. Tips in gray are species for which chro-
mosome counts were available but could not be confidently called according
to chromEvol as either diploid or polyploid. The tree colour represent the
most likely chromosome counts of the ancestors, but as significance was not
reached for their children species, some tips can be left unknown although
their ancestor was deemed has having more than twice the basal chromosome
number.

Out of the 34 species that had chromosome counts, only 27 were categorized as
diploid or polyploid: some because they had diverging counts (Corydoras aenus),
others because they had intermediate chromosome counts (Corydoras rabauti and
Corydoras flaveolus) and the rest for no obvious reason although they had chro-
mosome compatible with a diploid (Corydoras paleatus, Aspidoras taurus and
Aspidoras fuscoguttatus) or tetraploid (Corydoras delphaz) status. Three species
were deemed diploid although they had no associated counts (Corydoras bilin-
eatus, Corydoras sipalwini and Corydoras ephippifer). Species that had more
than 30 chromosome in their gametes were classified as polyploid (Scleromystazx
prionotos, Corydoras simulatus and Scleromystax barbatus whereas species with
less as diploid (Corydoras zygatus). Count approaching 30 chromosome seem to
indicate triploid organisms, considering that the basal chromosome number of the
group is around 20, rather than tetraploids, but chromEvol only classifies species

as diploids or polyploids as ouput.

Moreover, the ancestor of one clade (situated at the top of the tree on fig-
ure B.2, corresponding to lineage 1 in Alexandrou et al. (2011)) was deemed as
having the maximum number of chromosome allowed during the simulation (67),
whereas no extant children of this ancestor had chromosome data whatsoever,
prompting possible inconsistency in the results of chromEvol. This seemingly

wrong interferences coupled with the very low coverage of data prevented us to
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confidently run a BiSSE analysis. Moreover, no old tetraploid clade was identified

so that the time-dependent analysis presented in chapter 3 could be performed.
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