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Glossary and common abbreviations

Amh

Anti-Millerian hormone

Amhr2

Anti-Mdllerian hormone receptor type 2
Allelic diversification

A process that starts from a step-wise diversification of two alleles of a sex chromosome pair. One
allele then becomes the sex determiner, while the other allele either retains a non-SD function or
favors the development of the opposite sex.

DMRT1
Doublesex and mab-3 related transcription factors
Environmental sex determination (ESD)

When the sex of an individual is triggered by various external factors (i.e. temperature, PH, social
interaction).

Gdf6
Growth differentiation factor 6.

Genetic sex determination (GSD)

When the sex of an individual is triggered by its genotype only, including both mono or polygenic
sex determination.

Gonochorism

A state of having just one of at least two distinct sexes in any one individual organism.
Gsdf

Gonadal soma derived growth factor

Haploinsuffiency

When a diploid organism has lost one copy of a gene and is left with a single functional copy of that
gene and this single copy does not produce enough product to display the wild type's phenotypic
characteristics.

Homomorphic/ Heteromorphic sex chromosomes

If the two sex chromosomes in a pair can be distinguished cytologically by their differences in
morphology, they are termed heteromorphic sex chromosomes. If the two sex chromosomes are
morphologically identical, they are called homomorphic sex chromosomes. The degree of
differentiation is usually correlated with the age of the sex chromosome pair.

1rf9
Interferon related factor 9



Master sex determination gene

A gene responsible for triggering the embryo towards either male or female development. It is not
necessarily that this gene codes for a protein.

Neofunctionalization

A gene changes its function or acquires a new function by altering the structure of its gene product
and/or its expression pattern.

PGC

Primordial germ cells, which are the precursors of the stem cells that will give rise to the germ cell
lineage.

Recombination

The process of forming new allelic combination in offspring by exchanges between parental genetic
materials.

Sex chromosomes

Chromosomes that usually harbor a master sex determination gene and are involved in the primary
genetic sex determination

Sex determination (SD)

Primary mechanism leading to the expression of the phenotypic sex
Sdy

Sexual dimorphic on the Y chromosome (Salmonids)

SNP

Single nucleotide polymorphism

SOX

Sry-related high mobility group box

SRY

Sex determining region Y

Therian mammal

Non-egg-laying mammals, including placental mammals and marsupials
TGE-B

Transforming growth factor beta

TE

Transposable element



Objectives and structure of this thesis

The first section of this thesis is a preface describing my focal group, the Esociformes, and
explaining the reasons for studying sex determination in this group. This preface provides context on

the origin of this PhD project.

The introduction section consists of two review papers published during my PhD. The first one
focuses on the need for unbiased approaches such as RADSeq (Restriction Associated DNA
Sequencing) to explore the diversity of SD systems in the teleosts. The second paper focuses on the
evolution of sex determining genes in the teleosts. Together, these two papers provide background on

several important elements of my thesis.

The results section is organized around the two main objectives of my thesis. The first objective
of this project was to identify and characterize the MSD gene in Esox lucius, for which genomic
resources were already available and transgenic animals had been successfully obtained in our
laboratory. The second objective was to survey the other Esociformes species to investigate whether
and to what extent this MSD gene is conserved in this lineage, and potentially identify transitions of
SD systems in this monophyletic group of teleosts. Both chapters were written in a publication-oriented
format, but because we are still waiting for additional data that is being generated, these papers have
not yet been submitted to a journal, and they may be subject to small changes prior to submission.
Therefore, | took the liberty to write a more extensive discussion of our findings in these two chapters.
In addition, I included the author list that will appear in each publication. To help clarifying my own
contribution to these papers, | also included a detailed list of the contribution of each author before
each of these chapters. An additional chapter is included in this results section, which is titled “Sex
determination and karyotype evolution in the Eastern mudminnow, Umbra pygmaea”. This chapter is
also written in publication format, but we are still missing a key element, namely, a good quality
whole genome sequence with enough contiguity to tie the different parts together and as such, to
conclude this story. Consequently, this chapter is shorter and less mature than the previous two

chapters, and it will be subject to extensive changes before submission to a journal.

The main content of this thesis ends with a conclusion section which contextualizes our results
and discusses perspectives on future directions from this thesis project. Lastly, a small report on the
reproduction of U. pygmaea that has been submitted for review to BMC Scientific reports and is

currently under revision is included as an appendix.






Preface

Why study sex determination (SD) in a small non-model fish family like the
Esociformes?

The field of vertebrate sex determination has been advancing rapidly in recent years, especially
because of advances in sequencing technologies and in functional genomics (gene inactivation using
CRISPR) that can be readily applied to non-model species. While initial findings revealed highly
conserved genetic sex determination systems in mammals and avians (Fridolfsson et al., 1998; Mank
and Ellegren, 2007; Graves, 2008; Potrzebowski et al., 2008), a dynamic evolution involving repeated
transitions among different genetic sex determination systems or between genetic and environmental
sex determination was found in other vertebrates groups including reptiles (Ezaz et al., 2009; Gamble
and Zarkower, 2014), amphibians (Yoshimoto et al., 2008; Miura et al., 2012; Schartl, 2015;
Rodrigues et al., 2017), and fishes (Kikuchi and Hamaguchi, 2013; Heule et al., 2014; Herpin and
Schartl, 2015; Pan et al., 2017). Studies in reptiles, amphibians and fishes also brought to the spotlight
many novel genes acting as the master switch for sex determination in vertebrates. The majority of
these recently identified master sex determining (MSD) genes come from studies on the teleosts, and
they have brought new perspectives on both the evolution of SD systems and sex chromosomes and
on the molecular regulation of MSD genes.

Two mechanisms underlying the birth of new MSD genes were identified in the teleosts: allelic
diversification, and gene duplication followed by neofunctionalization (Kikuchi and Hamaguchi 2013;
Heule et al., 2014; Herpin and Schartl 2015; Pan et al., 2017). Among the currently known or suspected
MSD genes in the teleosts, both mechanisms appear to be equally frequent in creating novel MSD
genes, while in other taxa, only allelic diversification has been identified. The appearance of new MSD
genes through either mechanism can drive the turnover of sex chromosomes; however, whether
differences exist in the sex chromosome formation process results from two mechanisms needs to be

explored empirically.

In contrast with the sole conserved MSD genes Sry on the Y chromosome in therian mammals
and Dmrt1 on the Z chromosome in the avians, a diversity of MSD genes is employed in teleost fishes.
However, upon closer examination, all but one of these genes belong to three protein families that are
known to be implicated in the sex differentiation pathways: SOX, DMRT and TGF-p (Graves and
Peichel, 2010; Kikuchi and Hamaguchi, 2013; Heule, Salzburger, and Bohne, 2014; Herpin and
Schartl, 2015; Pan et al., 2017).



0.18-0.26 Mya; —— Esox lucius EU

Esox lucius NA

Esox aquitanicus

4.66 Mya *

Esox cisalpinus

45 Mya ™

Esox reichertii

Esox masquinongy

Esox niger
56 Mya ™"

Esox americanus americanus

66 Mya **

Esox americanus vermiculatus

89 Mya ™" Novumbra hubbsi

106 Mya ™ Dallia pectoralis

Umbra pygmaea

Salmo salar

Figure 1: Taxonomy and divergence time estimation of the Esociformes, with the Latin name, common name,
and an illustration of each species. Taxonomical relationships among the Esociformes were retrieved from
literature and presented as a cladogram. Estimated divergence times are listed on the left side of the node.

*: Skog et al., 2014
**: Campbell et al., 2013.
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The Sox and Dmrt genes have been identified as MSD genes in other vertebrate groups, but barring
the exception of the Platypus, where Amh is also suspected to be the MSD gene (Cortez et al., 2014),
members of the TGF-f family have only been found to trigger sex determination in teleosts, which
suggests a particular importance of this protein family in teleost sex determination and differentiation.
In addition, the distribution of MSD genes from these three families does not show a clear phylogenetic
pattern among the teleosts and is thus more likely to be the result of repeated and independent
recruitments than the result of shared ancestry. This finding prompted the use of the term ‘usual
suspects’ (Herpin and Schartl, 2015) to describe the members of these three families in regards to
identifying MSD genes. Consequently, the identification of the salmonid MSD gene, named sdY, came
as a surprise as it originated from the duplication of an immune related gene, previously unsuspected
to be involved in sex determination or sex differentiation. The conservation of sdY has been confirmed
in all salmonids, and to further understand the evolution of such a “‘unusual’ MSD gene and to identify
the ancestral MSD gene before the birth of sdY, exploring SD in the Esociformes was then a logical

follow up as this fish order is the sister clade of the salmonids.

The Esociformes constitute a small, monophyletic order of teleost fishes, which diverged from
its sister clade Salmoniformes about 113 million years ago (Mya) (Campbell et al., 2013). The order
Esociformes contains two families: the Esocidae, which regroups the Esox, Dallia, and Novumbra
genera, and the Umbridae which only contains the Umbra genus (Figure 1). These two families

diverged from a common ancestor about 89 Mya (Campbell et al., 2013).

The most studied species in the Esociformes is Esox lucius, the Northern pike. This species is
a large and long-lived keystone predator found in freshwater and brackish coastal water systems in
Europe, North America, and Asia (Forsman et al., 2015). Due to its important role as a top predator in
shaping the structure of local fish communities, and as valuable food and sport fish (Raat, 1988),
Northern pike has emerged as an important model species for ecology and fishery. Furthermore,
because it is a key species for studying the additional whole genome duplication of the sister group
salmonids (Leong et al., 2010; Rondeau et al., 2014; Lien et al., 2016), genomic resources including
a whole genome assembly anchored on chromosomes (Rondeau et al., 2014) and tissue-specific
transcriptomes (Pasquier et al., 2016) are available for this species. Genetic sex determination with a
male heterogametic system (XX/XY) was already identified in E. lucius sampled in Europe (Luczynski

et al., 1997); however, little more is known about the sex determination for this species.

11
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Another outstanding feature of E. lucius is that it is the only species of the Esociformes with a
natural circumpolar distribution. The sister species of E. lucius are either restricted to Eurasia (Esox
aquitanicus, Esox cisalpinus and Esox reichertii) or to North America (Esox masquinongy, Esox
americanus and Esox niger). The current distribution of the extant populations of E. lucius is the result
of an expansion from three different glacial refugia dated around 0.18 to 0.26 Mya, with the North
American populations belonging to the monophyletic circumpolar lineage with a Eurasian origin (Skog
et al., 2014). The assembled genome was generated from a male sample from the North American
population (Rondeau et al., 2014), but no sex locus could be identified in that study.

In comparison to Esox sp., little genomic resource is available for the other genus of the
Esociformes. The most closely related genus to Esox is Novumbra, and the divergence time between
these two genera is estimated to be around 56 Mya. There is only one extant species belonging to
Novumbra, the Olympia mudminnow (Novumbra hubbsi). This species is endemic to the West of the
Washington state of the United States, and its distribution is limited to the ponds and creeks in this
area with geological barriers often found between different populations. The third genus of the
Esocidae is Dallia, which diverged from the rest of the Esociformes around 66 Mya. The taxonomy is
still debated for this genus, but it is usually considered to include between one and three nominal
species of small, cold- and hypoxia-tolerant freshwater fishes restricted to Beringia (Campbell et al.,
2015). The Umbridae is the second family within the Esociformes, and it contains three species within
a single extant genus Umbra: the European mudminnow (Umbra krameri), the Central mudminnow
(Umbra limi), and the Eastern mudminnow (Umbra pygmaea). While the natural habitat of both U.
limi and U. pygmaea is restricted to North America, U. pygmaea was introduced in Europe about one

century ago (Kuehne and Olden, 2014).

Karyotype evolution is another interesting feature of the Esociformes. While limited genomic
information was available for these Esociformes species prior to our studies, classic cytogenetic studies
already revealed surprisingly dynamic karyotype evolution in this group. All Esox species have 25
pairs of chromosomes (2N= 50), and Novumbra hubbsi has 24 pairs of chromosomes (2N= 48), similar
to most teleost species (Beamish et al., 1971, Amores et al., 2017). In contrast, Dallia pectoralis has
39 pairs of chromosomes (2N= 78), while Umbra pygmaea and Umbra limi have only 11 pairs of
chromosomes (2N= 22) (Beamish et al., 1971). The mechanisms underlying these drastic
chromosomes fusions and fissions are not clear, and whether karyotype evolution could impact the sex
chromosome is still an open question. Hence, this feature of the Esociformes provides additional

incentives to study their genomes and sex determination systems.
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Abstract: Sexual reproduction is one of the most highly conserved processes in evolution.
However, the genetic and cellular mechanisms making the decision of whether the undifferentiated
gonad of animal embryos develops either towards male or female are manifold and quite diverse. In
vertebrates, sex-determining mechanisms range from environmental to simple or complex genetic
mechanisms and different mechanisms have evolved repeatedly and independently. In species with
simple genetic sex determination, master sex-determining genes lying on sex chromosomes drive the
gonadal differentiation process by switching on a developmental program, which ultimately leads to
testicular or ovarian differentiation. So far very few sex-determining genes have been identified in
vertebrates and apart from mammals and birds, these genes are apparently not conserved over a larger
number of related orders, families, genera or even species. To fill this knowledge gap and to better
explore genetic sex determination we propose a strategy (RAD-Sex) that makes use of next generation
sequencing technology to identify genetic markers that define sex specific segments of the male or

female genome.
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Introduction

Sex has been termed the “queen of problems in evolutionary biology”, and how sex is
determined in the animal kingdom has always been a major question with “debates on the origin of the
sexes that took place long before the beginning of the scientific era” [1]. Indeed, since the beginning
of this “scientific era”, important knowledge has been acquired on this topic with, for instance within
the quite recent “genetics era”, the important discovery of sex chromosomes followed by the
identification of the master gene governing the acquisition of the male sex in human and mouse [2].
Despite huge efforts in the last decades, however, our knowledge of master genes controlling genetic
sex determination has remained limited [3]. The relative scarcity of information on sex determination
(SD) genes is mainly due to major scientific and technical barriers that hinder the precise identification
of these SD genes in many species. Classical approaches for the characterization of SD genes have
always relied on the intimate knowledge of a group of specialists working on very few species. Their
success has often been guided either by educated guess and candidate gene approaches [4,5], or by
tedious searches for sex-linked markers with various time-consuming methods [6-9]. The relatively
few species investigated now with regards to SD genes have been selected based on practical interests
(for instance species easy to maintain in captivity [8-12]) or economical (for instance important
aquaculture species [5,13-15]) and these species always had pre-existing genetic and/or genomic
information available. There is then an urgent need to address the question of the evolution of SD

genes using a large scale, unbiased approach that would not rely on or need such previous knowledge.

A glimpse into sex determination and SD genes evolution in
vertebrates with a focus on fish species

The field of evolution of sex determination and SD genes in vertebrates has long been shaped
by knowledge gathered in mammals, because previously this was the only group for which the master
SD gene, SRY, was known [2]. The generally accepted hypothesis for the mechanism by which an SD
gene can evolve, namely by allelic diversification of an autosomal gene towards a male or female sex
promoting function, and subsequent maintenance of the male-specifying allele as a male dominant SD
gene on the proto-Y chromosome, was satisfied by SRY and its supposed progenitor SOX3 [3]. In 1999,
dmrtl was found as a candidate gene for SD in chicken, which proposed a different mechanism, namely

dosage sensitivity [16]. In 2002, the first fish SD gene was identified in the medaka, Oryzias latipes.
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Unexpectedly, this gene, called dmrtlbY or dmy [7,10], arose by a gene duplication event from the
autosomal dmrtla gene being transposed to the proto-Y, adding another evolutionary mechanism for
the emergence of an SD gene. Full sequencing of the male-specific region of the Y-chromosome
(MSY), the first to be known after the human Y, revealed that several additional predictions of the
general theory of Y-chromosome evolution were also not fulfilled, like stepwise diversification on an
autosome, recombination suppression, degeneration of Y-linked genes, and accumulation of male-
favoring genes [17]. This finding raised doubts about a unifying concept for the evolution of SD genes

and heterogametic sex chromosomes.

Fish are uniquely suited to study the evolution of sex determination and SD genes (Fig. 1).
Comprising about half of the 60 000 species of vertebrates, fish show also the greatest variety of sex
determination. Unisexuality, simultaneous and consecutive hermaphroditism, environmental, and
genetic sex determination are found in different, often closely related species and the distribution of
various mechanisms follows no obvious phylogenetic pattern. With respect to genetic SD, it became
quickly clear after its first discovery that dmrtlbY of medaka is not the master SD gene of fish in
general [14]. Despite huge efforts over more than a decade, SD genes of only a few more species have
been added to this list, and all those species have strong monogenic sex determination. In a sister
species to medaka, O. luzonensis, and also in sablefish, Anoplopoma fimbria, allelic variations of a
TGF-B member gene named gsdf' determines male development [8,13]. In Takifugu rubripes
(pufferfish) as well, allelic variation at a single nucleotide position of the amh-receptor 2 gene, again
a downstream component of the SD cascade in other vertebrates, controls phenotypic sex [6]. In the
Patagonian pejerrey, Odontesthes hatcheri, a Y-linked duplicate of the amh gene drives male sex
determination [5], a situation that mirrors the evolutionary scenario of the medaka SD gene. The same
SD gene is also found in the tilapia, Oreochromis niloticus but in that species it is a Y chromosome
missense SNP on a tandem duplication of amh that drives sex determination [15]. Interestingly, another
TGF-B member, namely gdf6Y has also been found as a potential SD in the killifish Nothobranchius
furzeri [11], suggesting that members from the TGF-B pathway are often recruited as SD genes in
vertebrates. In rainbow trout, Oncorhynchus mykiss, gene duplication and neofunctionalization led to
the emergence of the SD gene [14], but totally unexpected and contrary to the situation in all other
vertebrates for which information on proven or candidate SD genes exists, the duplicated gene sdY is
not derived from a previously known component of the SD cascade but from the interferon regulatory

factor 9, which normally functions in the context of immunity.
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The current state of knowledge about the evolution of SD in vertebrates - last but not least
influenced by the recent findings in fish - has resulted in a very unsatisfying situation. With the
examples of male-biasing SD genes identified to date, it is rather impossible to derive a comprehensive
understanding of processes and mechanisms that lead to the evolution of new SD genes and to evaluate
the prevalence and general relevance of different systems. We do not know whether dosage sensitivity
of master SD genes is an enigmatic case that is restricted to the avian lineage or is used more generally.
Gene duplication and neofunctionalization is appearing now as a more frequent process to create novel
SD genes, but the three fish species in which it has been found might be special in some way and bias
our view by chance due to the low number of known SD genes in general. It can also be asked whether
teleost fish that experienced in their evolutionary history a whole genome duplication, and certain
lineage-specific additional ones, profit from this genomic situation with respect to the evolution of new
SD genes. Regarding female heterogamety, there is so far no example for a predicted dominant female
determining SD gene in fish that could add to the single case of Xenopus laevis, where dominant-
negative action of a W-linked truncated dmrtl gene is proposed to suppress a postulated default male
development in WZ frogs [4]. A totally unresolved complication comes from several reports where
even in cases that appear to be clear monogenic SD, polymorphic autosomal modifier genes or
environmental influences can modify or override the sex-chromosomal mechanisms. It can only be
vaguely hypothesized that these findings indicate transition states between SD switches, and again the
prevalence of such situations is absolutely unclear. It is obvious that the first step towards a better
understanding of SD mechanisms and how new SD genes evolve is to characterize SD genes in more

species, study their inheritance, and eventually illuminate their mode of action

The RAD-Sex approach: a Genome Wide Association Study
(GWAS) screening for exploring the diversity of sex
determination systems in fish.

RAD-tags (Restriction Associated DNA tags) are sequences adjacent to restriction enzyme
cutting sites that can be assayed by a next generation sequencing technique known as RAD sequencing
method (RAD-seq) [18]. RAD-seq has been shown to be an extremely powerful method for sampling
the genomes of multiple individuals in a population. Because it does not require preliminary
information on the genetics or the genome of the studied species, this approach is especially interesting

for developing genetic analyses in the context of non-model organisms [19].
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Figure 2: Distribution of RAD-tag markers along the 24 chromosomes of the medaka sequenced genome. The
significantly sex-biased markers identified mid LG1 (chromosome Y) as the location of the sex-determining
locus. Markers retained in this analysis have been scored in at least 25 individuals within the population.
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This technique was recently applied with success to search for sex specific sequences in Gecko lizards
[20] and for a sex determining locus in zebrafish, in which strain-specific sex determination systems
were characterized [21,22]. To serve as an additional proof of principle, we applied this approach to
the medaka, Oryzias latipes, which has a strong well-characterized genetic SD system [7,10,17]. The
main idea was to investigate if RAD-seq was equally efficient in identifying sex-specific sequences
close to dmrtlbY, the known SD gene in that species [7,10], using as starting biological material
individuals from an outbred population of fish and not a genetic mapping family panel as was used in
the case of the zebrafish [21]. To that end, fin clips were sampled from 31 phenotypic males and 32
phenotypic females of the Carbio strain of medaka. Genomic DNA was extracted from these samples
and RAD library construction was carried out with each individual given a distinct barcode. Samples
were sequenced in two lanes of Illumina HiSeq2000 using single end 100 bp reads. This dataset
analysis allowed us to characterize more than 600 sex-polymorphic RAD-tag sequences among an
overall total of 120 000 genetic markers. Most of these sex-polymorphic sequences map to the central
portion of medaka linkage group LGL1, the region that distinguishes the Y from the X chromosome (see
Fig. 2). Among these sex-polymorphic RAD-tag sequences, 58 were sex-specific, i.e. the sequences
were only present in males and totally absent in all the females. When mapped onto the medaka
genome, 22 of these sex-specific RAD-tags were found to be on the Y chromosome (LG1) and 30 on
unordered scaffolds probably due to an incomplete assembly of the medaka Y chromosome. Among
these sex-specific RAD-tag sequences, 9 mapped to the Y non-recombinant sex-specific region
(GenBank ID: AP006153) including two sequences that were less than 1 kb downstream of the 5° end
of the dmrtlbY medaka sex determining gene (GenBank ID: AY129241) [10]. These results clearly
demonstrate that the RAD-Sex approach is highly efficient because it enabled the identification of sex-
specific sequences located very close to the previously known SD gene even in a GWAS that does not
allow a simultaneous genetic mapping of the RAD-tags. It should be noted, that our analysis, although
conducted on a species with a sequenced genome, did not use the genome sequence for the analysis of
sex-associated RAD-tags: the genome sequence only provided validation of the proof of principle.
This comparatively inexpensive approach can thus be applied to multiple species in a relatively high
throughput project, without the need for obtaining biological materials from controlled genetic crosses
that could be difficult to obtain in some species. This approach is also possible in species with no
genetic or genomic information available, thus providing a special opportunity to develop an

evolutionary-based project that can investigate the sex-determining system in a vast array of species.
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Applying this approach to a large panel of species should provide a first evolutionary picture
of SD genes answering simple but important questions like: how many evolutionary innovations can
be characterized i.e., novel SD genes, how many “usual suspects” i.e., duplications of genes already
known for their implication in the sex differentiation cascade, and how prevalent are gene duplications
as primary events generating novel SD genes and thus how relevant is this evolutionary scenario beside
the classical hypothesis of allelic diversification and the so far enigmatic situation of SD by gene
dosage to explain the diversity of SD mechanisms. These questions on the evolution of SD genes have
currently only been addressed for a narrow phylogenetic range, but never for a broad spectrum of taxa
that represent a considerable fraction of the diversity and adaptations of a whole class of the chordate
phylum. Such information will inform an essential question in evolutionary biology, foster genetics
and developmental biology, and last but not least provide immediately useful information for better

management of economically important fish species in fisheries and aquaculture.

Conclusion

Sex determination is a very basal and ubiquitous developmental process and the fact that it is
so variable even between closely related organism poses many fascinating questions. A number of
scenarios and hypothesis have been put forward to explain which evolutionary forces could favor such
transitions and turnovers (for review see [23]). They range from fitness advantages of a new sex
determination or its linkage to genes that are favorable to one sex or antagonistic to the other sex, over
mutational load on the old, disappearing sex determination gene to scenarios that consider that neutral
or non-adaptive processes of genetic drift, mutation and recombination can be instrumental in creating
new sex determination systems. For all these hypotheses, which appear to a certain extent opposing or
even contradictory, examples to support them can be found. A single one obviously cannot explain all
the different cases of sex determination systems and the many instances of turnovers and transitions.
Rather than being alternatives they may be complementary. To further our understanding of the
trajectories that lead to the evolution of diverse sex determination mechanisms and sex chromosomes
we need more detailed molecular knowledge about the molecular biology of these various mechanisms

and about the ecology and population genetics under which they occur.
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Abstract:

Fish have an exceptionally high diversity of sex determination systems including
environmental- and genetic-based determinism. Master sex determining (MSD) genes that control
genetic sex-determination also evolve extremely rapidly in fish, providing a window to understand the
evolutionary mechanisms and processes of sex chromosome formation. Despite this high turnover,
most of the currently known MSD genes are classical “usual suspects”, i.e., genes that evolved from
downstream sex differentiation gene network. Intriguingly, fish also provide the only known exception
to this “usual suspects” rule: a duplicate of an immune-related gene is the conserved salmonid MSD

gene, unraveling further flexibility.
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Sex determination and sex chromosomes

Sexual reproduction is a widespread phenomenon, which requires two sexes in a population.
There are multiple ways to achieve this state, but the most common in vertebrates is gonochorism,
where individuals acquire their sex during development and maintain their sexual fate throughout life.
This sexual identity is triggered by a process called sex determination (SD), in which a “master switch”
controls a downstream regulatory cascade leading to either male or female gonadal development. In
contrast with other more conserved developmental programs, SD master switches can be highly
variable with primary signals coming either from the genome (genetic sex determination or GSD), or
from the environment (environmental sex determination or ESD). Genetic sex determination involves
sex chromosomes that harbor inherited master SD genes (not necessarily coding for a protein),
responsible for the initiation of the SD process (Herpin and Schartl, 2015). One species can have one
master SD gene (monofactorial system) or multiple SD genes (polygenic system). In a monofactorial
system, one sex is heterogametic with two different sex chromosomes; the other sex is homogametic
with two of the same type of sex chromosome. A male heterogametic system is termed XX-XY system
(i.e., like in most mammals), where the Y chromosome carries the male master SD gene; a female
heterogametic system is denominated ZZ-ZW system (i.e., like in birds), where the W chromosome
carries the female SD gene (Heule et al., 2014). Contrarily to monofactorial systems, polygenic
systems (Moore and Roberts, 2013) involve more than two alleles: either one locus with multiple
independently segregating alleles, or multiple loci interacting through epistasis. However, such
systems are more complex and less well documented than monofactorial systems. Unlike most
mammals and birds where one type of monofactorial system has been conserved for over 100 million
years, fish display a high diversity of sex determination systems including various types of
monofactorial and polygenic systems. Moreover, sex determination systems in fish can differ between
very closely related species, sometimes even among different populations of the same species.
Furthermore, in some species, genetic factors can interact with environmental cues (most commonly
temperature), generating intricate sex determination mechanisms. Such evolutionary dynamics makes
fish an attractive group to study the evolution of sex determination systems. It is worth noting that
studies from other taxa, such as amphibians and reptiles, have also revealed a comparable degree of
diversity in sex determination systems (Kikuchi and Hamaguchi, 2013); however, to date, fish has
provided the most abundant knowledge on sex determination and its evolution in vertebrates. While
fish is a more generic term that can include several taxonomic groups, so far all the identified master
SD genes were found in teleost fish. For this reason, we will be focusing on the evolution of sex

determination genes in this subgroup.
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Oryzias latipes dmrt1bY
Oryzias luzonensis gsdfy
Oryzias dancena sox3
Oryzias curvinotus dmrt1bY
Nothobranchius furzeri gdfey
Cynoglossus semilaevis dmrt1
Sebastes carnatus gsdfy
Sebastes chrysomelas gsdfy
Anoplopoma fimbria gsdfy
Ophiodon elongatus amhY
Takifugu poecilonotus amhr2
Takifugu pardalis amhr2
Takifugu rubripes amhr2

TELEOSTS
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Figure 1: Evolution and diversity of sex-determining genes in vertebrates with a focus on teleost fish.
Species with a known or highly suspected SD gene are mentioned in bold type at each tip of the tree leaves
along with the name of the SD gene. A few other taxa in which no SD gene is currently reported are also
represented in normal type with a question mark.
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Fish sex determining genes

The high diversity of sex determination systems seen in teleost fish is linked to the high
turnover rate of their sex chromosomes. As a result, most fish sex chromosomes are considered to be
relatively young and are often described as being homomorphics, i.e., with little differentiation and no
cytological difference. Sex chromosomes turnover is usually connected with the emergence of new
master SD genes. Indeed, in therian mammals and birds, master SD genes are highly conserved with
the quasi-exclusive usage of SRY for mammals and DMRTL1 for birds. But, a high diversity of SD genes
(Figure 1) has been found in the past two decades in many teleost fish and this has greatly expanded
our understanding of the SD mechanisms and SD evolution. Despite this great diversity, most of these
newly discovered fish master SD genes are classical “usual suspects” (Herpin and Schartl, 2015) that
fall into three independent protein families implicated in the “canonical” vertebrate sex differentiation
gene network, namely the Sry-related HMG box (SOX), the Doublesex and mab-3 related transcription
factors (DMRT) and the transforming growth factors (TGF-p) family. Their recruitments as master SD
genes do not follow any obvious phylogenetic relationship and are more likely to be independent and
repeated events during teleost evolution (Figure 1). Only one known exception to this “usual suspects”
rule is the salmonid SD gene, sdY (sex determining region on the Y chromosome), which was derived
from the duplication of an immune-related gene unsuspected to be involved in the sex differentiation

pathway.

The birth of a new master SD genes can start with a duplication of an autosomal gene that will
acquire a new SD function leading to new sex chromosomes. On the other hand, it can begin with
allelic diversification from a step-wise diversification of two alleles of the future sex chromosome pair.
One allele then becomes the sex determiner, while the other allele either retains a non-SD function or
favors the development of the opposite sex. (Kikuchi and Hamaguchi, 2013). The gene duplication
and allelic diversification mechanisms have both been found in teleost fish to generate new master SD

genes and drive the turnover of sex chromosomes. (Table 1).

In the following part of this article, we will review the cases of master sex determination genes

in teleost fish and the key publications on their discoveries can all be found in Table 1.
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SD Master

SD Gene
SD Gene Ancestor

Evolution
Mechanism

Gene

Group Validation

Species Key Publications

Japanese medaka Gene Expression Matsuda et al., 2002
Oryzias latipes XY Dmy / Dmrtl Dmrt | duplication Function (doi:10.1038/nature751)
dmrtibY Sex-linkage | Nanda et al., 2002
(d0i:10.1073/pnas.182314)
Malabar medaka Gene Expression Matsuda et al., 2003
Oryzias XY Dmy / Dmrtl Dmrt | duplication Function (doi:10.2108/2s}.20.159)
curvinotus dmrtlbY Sex-linkage
Chinese tongue Allelic Expression Chen et al., 2014
sole A Dmrtl Dmrtl Dmrt | diversification Sex-linkage | (doi:10.1038/ng.2890)
Cynoglossus
semilaevis
Indian medaka XY Sox3Y Sox3 Sox Allelic Expression Takehana et al., 2014
Oryzias dancena diversification Function (doi:10.1038/ncomms5157)
Sex-linkage
Luzon ricefish XY GsdfY Gsdf TGF-B | Allelic Expression Myosho et al., 2012
Oryzias diversification Function (doi:10.1534/genetics.111.
luzonensis Sex-linkage 127497)
Sable fish XY Gsdf" Gsdf TGF-B | Allelic Sex-linkage | Rondeau et al., 2013
An0p|0poma diversification (doi:10.1186/1471-2164-14-452)
fimbria
Rockfishes Allelic Flower & Buonaccorsi,
Sebastes carnatus XY Gsdf Gsdf TGF-B | diversification Sex-linkage | 2016
& (doi:10.1111/mec.13594)
Sebastes
chrysomelas
Patagonia XY amhy Amh TGF-B | Gene Expression Hattori et al., 2012
pejerrey duplication Function %31'3 %%-tgg‘;’i-ygce“-
Odontesthes Sex-linkage o
hatcheri
Nile tilapia XY amhy Amh TGF-B | Gene Expression Lietal., 2015a
Oreochromis dup“cation Function (doi:10.1371/journal.pgen.1005678)
niloticus Sex-linkage
Lingcod XY Amh Amh TGF-B | Gene Sex-linkage | Rondeau et al., 2016
Ophiodon duplica‘[ion (doi:10.1186/513104-016-2030-6)
elongates
Fugu XY Amhr2Y Amhr2 TGF-B | Allelic Expression Kamiya et al., 2012
Takifugu rubripes diversification Sex-linkage | (doi:10.1371/journal.pgen.1002798)
Killyfish XY Gdfey Gdfé TGF-B | Allelic Expression Reichwald et al., 2015
Nothobranchius diversification Sex-linkage | (doi:10.1016/j.cell.2015.10.071)
furzeri
Rainbow trout XY sdY irf9 Interfero | Gene Expression Yano et al., 2012
Oncorhynchus n duplication Function (doi: 10.1016/j.cub.2012.05.045)
mykiss Sex-linkage | Yanoetal., 2013
(doi:10.1111/eva/12032)

Table 1: Currently known or suspected master sex determining genes in fish. Not all master SD genes
found in teleost species have been shown to fulfill all classical SD requirements. Confidence in their sex
determining role and function is given in validation column. References to species-specific publications are
given in the publication column with a link to the DOI of the publication.
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DMRT1: a multi-context SD gene

The dmrtl gene is a transcriptional factor belonging to the evolutionarily well-conserved DM
(Doublesex and Mad-3) domain DMRT gene family, which is involved in sexual development in many
phylogenetically distant groups from worms to mammals. In teleost fish, sexually dimorphic
expression of dmrtl has been correlated with gonadal identity in both gonochoristic and
hermaphroditic fish species (Herpin and Schartl, 2011). dmy/dmrt1bY, was the first non-mammalian
SD gene found in vertebrates and it is a duplicated copy of autosomal dmrtl/dmrtla gene found in two
ricefish species of the genus Oryzias: the Japanese medaka (O. latipes) and the Malabar ricefish (O.
curvinotus), both having an XX/XY sex determination system. dmy/dmrtlbY arose about 5-10 million
years ago from a local duplication of an autosomal fragment encompassing the dmrtl gene.
Consequently, this pair of X and Y chromosomes are very young in comparison with the chromosome

pair found in therian mammals, and remain homomorphic.

The expression pattern of the medaka dmrtlbY is typical of a master SD gene with an early
and transient expression during gonadal primordium differentiation, and low persistence in the adult
gonads. Around the time of hatching dmy/dmrtlbY is first expressed in the nuclei of the somatic
undifferentiated cells surrounding the primordial germ cells (PGC) and later on exclusively in the
sertoli cells in males. In comparison, the autosomal dmrtl/dmrtla is expressed much later at 20 days
after hatching in males and shows a testis-specific expression pattern in adult males with 50 times
higher expression than that of dmy/dmrt1bY. Concomitantly to the acquisition of a dominant position
within the sex-determining network, dmy/dmrtlbY was subjected to a profound rearrangement of its
regulatory landscape brought about by exaptation of a “ready-to-use” cis-regulatory element from a
transposable element (TE). This element, called Izanagi, acts as a silencer to turn-off the dmy/dmrt1lbY
gene after it has fulfilled its male SD function (Herpin et al., 2010).

In the medaka, the duplication/insertion of dmrtl led to a dominant dmy/dmrtlbY master SD
on the Y chromosome, but interestingly dmrtl has also been found as the master SD gene in a fish
species with ZZ/ZW sex determination system: the half-smooth tongue sole (Cynoglossus semilaevis).
In this species dmrtl is only found on the Z chromosome while its homolog on the W chromosome is
highly degenerated, probably a result of an old allelic diversification process. Even though
homogametic sex is male in this species with two copies of Z chromosomes, SD operates through a Z-
encoded mechanism that determines male development: the presence of two copies of dmrtl in ZZ
animals leads to male development, while having only one functional copy (haploinsuffiency) in ZW

individuals results in female development.
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Dmrtl is expressed specifically in male germ cells and pre-somatic cells of the undifferentiated gonad
at the sex determination stage, fulfilling a key feature of male SD gene. Furthermore, functional knock-
out of this gene resulted in male to female sex reversal, indicating its essential role of male SD gene in
this species. The sex chromosome pair in tongue sole is thought to be around 30 million years old, but
whether closely related species of the tongue sole conserved dmrtl as a master SD gene is currently
unknown. Interestingly, the sex chromosomes of the half-smooth tongue sole share the same ancestral
vertebrate protochromosome as the W and Z chromosome in avians, which also have a Z dosage-
dependent male sex determination system based on the Dmrtl gene, highlighting an evolutionary
convergence around Dmrt1.

These two teleost cases show that dmrtl can acquire its position as a master SD gene through
both allelic diversification and gene duplication mechanisms and its function as a SD gene can be
triggered either by expression dosage effect or rewired transcription. Combined with its known SD
roles in avians and some frogs (Yoshimoto et al., 2008), dmrtl thus appears to be a highly versatile
and flexible master SD gene.

Sox3, a conserved role in vertebrate sex determination

SRY, the mammalian master SD gene on the Y chromosome is thought to be the evolution of
an allelic diversification of the X-linked SOX3 gene. This is reminiscent of what has been found the
Indian ricefish (Oryzias dancena), in which a novel sex chromosome recently evolved by co-option of
this Sox3 gene. In this species, the Y chromosome allele of Sox3 (Sox3Y) encodes the exact same amino-
acid sequence as its X chromosome counterpart. However, a distant and specific cis-regulatory element
of Sox3 on the Y chromosome induces a gonadal specific expression of Sox3 only in XY embryos
providing a SD signal in differentiating gonads. XX transgenic fish with the Sox3" regulatory segment
developed as male and that the loss of function mutation of Sox3" in XY fish developed ovary-type
gonads, supporting the SD role of Sox3" in that species. It was also demonstrated that the early testis
specific expression of Sox3Y initiates the expression of gsdf, a gene conserved in teleost testicular
differentiation pathways. However, the overexpression of Sox3Y in the sister species O. latipes which
has dmy/dmrtlbY as the master SD gene, could not induce testicular differentiation. This result
indicates that co-evolved components in the downstream sex differentiation pathways is required for
Sox3" to act as the master switch for male development (Herpin and Schartl, 2015). The evolutionary
parallel between Sry in therian mammals and Sox3" in Indian ricefish underlines the conserved
importance of sox3 in vertebrate sex determination.
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The TGF-p family: A SD genes jungle

A long-standing hypothesis, following the discovery of SRY in mammals, was that vertebrate
SD genes should be transcription factors. The identification of dmy/dmrtlbY as the SD gene in O.
latipes also supported this view. However, more recent evidences in teleost have substantiated the idea
that SD genes does not necessarily need to be transcriptional factors and members of the TGF-f family

have emerged as master SD switches in teleost fish.

The first TGF-P related SD gene was identified in the Patagonian pejerrey (Odontesthes
hatcheri). In this XX/XY species, a duplication of the anti-mallerian hormone (amh) was only found
in males. Amh is a TGF-f hormone mainly known in mammals, birds and reptiles for its role in the
regression of Millerian ducts during male fetal development. Although teleost fishes lack the
Mullerian ducts, they possess both amh and its type Il receptor amhr2 and this pathway has been
implicated in the regulation of germ cell proliferation, spermatogenesis and regulation of gonadal sex-
steroid synthesis. In the Patagonian pejerrey, this male-specific duplicated amh, called amhy, shares a
high identity with its autosomal copy amha but has a Y-specific insertion in its third intron. Being very
similar within the coding sequence to the autosomal amha, amhy is thought to fulfil its SD role through
an earlier expression in the differentiating male gonads. This male-specific duplication of amh is also
conserved in a closely sister species O. bonariensis, whose SD is known to be also modulated by
temperature (Yamamoto et al., 2014). In addition, in a more distant Atheriniformes species, a truncated
duplicated copy of amh is suspected to be involved in male sex determination. However, due to greater
sequence divergence, it has not been resolved whether this truncated duplicate of amh shares ancestry
with the previous two cases or is an independent recruitment of the same SD gene. In the Nile tilapia
(Oreochromis niloticus), a tandem duplication of amh has been found on the Y chromosome. This
tandem duplication consists of a gene encoding a truncated protein lacking the TGF-p domain (amh-
Ay), and immediately downstream an amhy gene that is identical to the X-linked amh except for a
single missense single nucleotide polymorphism (SNP). Both amh-Ay and amhy are exclusively
expressed in XY gonads during the onset of sex determination period in Nile tilapia. Similar expression
profile of the X-linked amh and their receptor amhr2 was found in both XX and XY gonads. However,
only the knock-out of amhy lead to male to female sex reversal in XY individuals, while the knock-
out of amh-Ay alone had no effect. Additionally, overexpression of amhy caused female to male sex
reversal in XX fish, but not the overexpression of the X-linked amh or the truncated amh-Ay.
Collectively, these results show that amhy is the master SD gene in Nile tilapia.
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More recently, another fish species, the lingcod (Ophiodon elongatus), has been characterized with a
male-specific duplicate of amh. Although no expression nor functional data were available to
consolidate its SD function, it potentially provides an another independent case of recruitment of amh
as a master SD gene in teleost.

Interestingly, the Amh type Il specific receptor gene, amhr2, has also been identified as a SD
gene in fish. In the pufferfish (Takifugu rubripes), a species with an XX/XY SD system, a missense
SNP in the kinase domain of amhr2 was found to be the only polymorphism strictly associated with
phenotypic sex with males being heterozygous and females homozygous. Sex is then determined by
the combination of these two X and Y amhr2 alleles. This SNP leads to a single amino acid substitution
and the X allele confers a decreased AMH signal transduction in XX females, while XY males with
the wild-type amhr2 Y allele would have a better Amh signaling, leading to testicular differentiation.
This result is consistent with the mekada hotei mutant in which the impaired amhr2 activity is linked
with the feminization of the gonads. Surprisingly, this single missense SNP associated with male
development is conserved over 10 million years of evolution, as it is present in two other Takifugu

species (T. pardalis and T. peocilonotus).

The gonadal soma derived growth factor (Gsdf) is another vertebrate TGF-$ ligand closely
related to Bone Morphogenetic Proteins (BMPs), which has been lost in tetrapods. This gsdf gene was
first characterized in rainbow trout as an inducer of germ cells proliferation, and has since been
associated with testicular development due to its exclusive expression in the early differentiating testis
of all teleost examined so far (Herpin and Schartl, 2015). In Oryzias luzonensis, an XX-XY ricefish
species closely related to the Japanese medaka O. latipes, X and Y alleles of gsdf have been identified,
and gsdf’, the Y chromosome allelic form of gsdf, has been further characterized as a master SD gene.
gsdf' and gsdf* slightly differ in their sequence, but encode identical proteins. The testicular
differentiation inducing role of gsdfY is trigger by a cis-regulatory region affecting a potential binding
site for steroidogenic factor 1 (sf1 or nr5al) in the gsdf' promoter, conferring an elevated and earlier
expression level of gsdf' during sexual differentiation than that of gsdfX allele. Overexpression of the
gsdfY locus in XX females is able to induce masculinization, corroborating its role as a male master SD
gene in O. luzonensis. In addition, this overexpression of gsdf' is also able to induce masculinization
of XX females in the sister species O. latipes which has dmy/dmrtlbY as the master SD gene,
suggesting that gsdf' could functionally replace dmy/dmrt1bY. A few other fish species have been also
described to rely on gsdf as a putative master SD gene, i.e., the sablefish, Anaplopoma fimbria and two
rockfish species, Sebastes carnatus and S. chrysomelas.
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Growth differentiation factor 6 (Gdf6) is a member of the TGF-p family known to be involved
in vertebral segmentation and cell differentiation. While no gonadal function was reported previously
for this gene, gdf6Y emerged recently as a putative SD gene in the turquoise killifish, Nothobranchius
furzeri. In this species, the gdf6 locus is sex-linked with specific X and Y chromosomal allelic
variations that affect the Gdf6 protein function. So far, functional evidence of its role as a SD gene is
not available, yet the Y chromosome allele, gdf6Y, exhibits a clear sex-linked expression during

testicular differentiation, supporting its SD role in this species.

sdY: an unusual and conserved SD gene in Salmonids.

All of the above-described SD genes belong to the so-called ‘usual suspects’ category but the
recent discovery of a new type of SD gene in rainbow trout (Oncorhynchus mykiss) demonstrated an
unexpected flexibility in vertebrate SD. This gene, called sdY, came to the spotlight as it was found to
be expressed only in embryonic testes and was also tightly linked to the sex-locus on the Y
chromosome. It was further confirmed to be the trout SD gene based on functional proofs showing that
sdY is by itself necessary and sufficient to induce testicular differentiation. One of the multiple unusual
characteristics of sdy is that it evolved from the duplication of an immune related gene, irf9 (interferon
related factor 9) and compared to its ancestral protein, sdY lost the N-terminal DNA-binding domain,
but preserved its C-terminal protein-protein interaction domain. Another interesting feature is that sdY
is sex-linked in most salmonid species, indicating that it is a conserved SD gene in this teleost group.
Yet, the SEX locus containing sdY is not located in the same chromosome in different salmonids
species (Woram et al., 2003), suggesting a rapid turnover of sex chromosome while preserving what
seems to be a jumping master SD gene (Faber-Hammond et al., 2015). How this unusual SD gene was
recruited and the mechanism through which it regulates the downstream sex differentiation gene
networks remains to be clarified. However, it presents a paradigmatic case that un-related genes outside

the “usual suspects” are able to acquire de novo sex determining functions in teleost.

The evolution of genetic sex determination mechanisms is closely linked to the evolution of
sex chromosomes. The discovery of multiple new master SD genes in teleosts provided invaluable
insights on the evolution of SD and the processes of the establishment of new sex chromosomes. Before
the identification of the first fish master SD gene, models of sex chromosome evolution predicted that
SD genes should evolve from a stepwise allelic diversification process starting from a single gene on

an autosome.
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After fixation of a sex-specific allele in that newly formed SD gene, recombination reduction around
that new sex locus in the proto-sex chromosome pair would give rise to classical heteromorphic sex
chromosomes. Some newly described fish SD genes have evolved by this allelic diversification
mechanism, for instance sox3" and gsdfY in some medaka species and amhr2 in Takifugu. But this
mechanism did not lead to strongly differentiated heteromorphic sex chromosomes in these teleost
species. This phenomenal can probably be explained if we consider that these SD genes are very young
in term of evolution. But the conservation of a single missense SNP in amhr2 acting as the sole signal
to initiate sex determination in at least three Takifugu species that diverged over 10 million years ago,
shows that recombination reduction around a new sex locus in the proto-sex chromosome is not
necessary to fix a new SD gene. The characterization of new teleost SD genes also provided a novel
mechanism for sex chromosome and SD gene evolution as many fish SD genes are the result of a
duplication/insertion event. In these cases, a genomic area containing an ancestral gene is duplicated
into a different chromosome that will initiate the formation of a new sex chromosome after subsequent
functional and/or regulatory changes of the proto SD gene. This mechanism of gene duplication
leading to sex chromosome formation first came in light for dmy/dmrtlbY in Japanese medaka, and
also been found to generate other vertebrate master SD genes, such as the female SD gene DM-W in

the African clawed frog (Xenopus laevis) (Yoshimoto et al., 2008).

In addition, thanks to their high turnover rate, teleost sex chromosomes also provide many
different models to study the process of sex chromosome formation. One such case is from the study
on half-smooth tongue sole in which a pair of relatively young Z and W chromosomes, comparing to
those found in birds, have been sequenced and analyzed in details. This analysis showed that
suppression of recombination, accumulation of transposable elements, fixation of sex specific genes,
and gene dosage compensation are early events of sex chromosomes evolution. Furthermore, this half-
smooth tongue sole W chromosome has already lost about two-thirds of its original protein coding
genes and thus reached a roughly similar stage as much older mammalian and avian sex chromosomes
within 30 million years. Combined with the finding that the gene-poor primate Y chromosome has
been stable over the last 25 million years, they provide supports for the hypothesis that the decay of
sex chromosome can happen rapidly in the early phrase of sex chromosome formation then slow down

and stabilize in its final stage, reaching a gene content equilibrium.
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The ‘limited options’ hypothesis states that particular sex chromosomes or genes, especially
those known to be involved in the SD gene network, might be preferentially recruited repeatedly in
vertebrate lineages as new sex chromosomes or new master SD genes as they are ‘good at doing the
job’ (Graves and Peichel, 2010). The multiple master SD genes recently found in teleost strongly
endorse this idea as all of them with on single exception originate from three “usual suspect” gene
family, namely dmrt, sox and Tgf-. Dmrt and sox family members have also been also found in other
vertebrate groups but several Tgf-p members have first emerged in teleosts as new ‘usual suspects’ and
since then Amh has also been identified as the potential platypus master SD gene (Cortez et al., 2014).
Interestingly new knowledge on fish SD genes also provide an exception to this ‘limited options’
hypothesis as sdY, the salmonid master SD gene, is seemingly not related to any sex differentiation
genes. However, it could not be excluded that this might be representing previously neglected factors
in the SD gene networks (Herpin and Schartl, 2015), or that these unusual SD genes are

underrepresented because they are just much more difficult to find.

Recently, a proposal with a developmental perspective has been put forward to view sex
determination not as one hierarchical cascade with the master SD gene on the top, but as a complex
network with different types of genetic and environmental factors influencing cell proliferation and
hormone levels to push sexual development over either a male or female threshold (Heule et al., 2014;
Uller and Helanterd, 2011). Studies on the teleost SD provided supports to this view in which each
node of the SD gene network has the potential of becoming the major-effect loci, not necessarily being
on the top of the cascade. A prominent example of this hypothesis would be amhr2 in Takifugu that
modulate transduction efficiency of an upstream ligand signal, i.e., AMH acting on germ cell
proliferation or regulating steroid synthesis activity (Kikuchi and Hamaguchi, 2013), to direct male or

female development.

Many open questions still remain concerning teleost SD and probably the most important one
is why the teleost fish use so many SD genes and SD systems with such a high sex chromosomes
turnover rate? Rapid turnover of sex chromosomes is thought as a way to escape the decaying fate of
sex chromosomes, assuming that the lack of recombination around the sex locus will lead to the
accumulation of deleterious mutation. Alternatively, sexual antagonistic selection has also been put
forward to explain the expansion of the sex locus and the accumulation of sex specific genes near it.
Sex ratio selection provides a scenario that a new master SD gene could rise in frequency when it
confers a more balanced sex ratio in the population. Other mechanisms such as random genetic drift

and pleiotropic selection have also been used to explain the rise of new SD systems.
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Another hypothesis, to explain the lack of sex chromosome turnover in mammals and birds, states that
these highly heteromorphic sex chromosomes might be acting as evolutionary traps that would
stabilize SD genes for long span of evolutionary time (Bachtrog et al., 2014). Interestingly SD in many
teleost species with a genetic SD system can still be modulated by environmental cues like for instance
in the Nile tilapia or the half-smooth tongue sole. Transition stages between GSD and TSD are also
well illustrated in teleost like in the case of pejerrey species that retains a SD gene (amhY) that is used
alone in O. hatcheri and used in combination with temperature in the closely related species O.
bonariensis (Yamamoto et al., 2014). These potentially unstable stages could also be seen as transition

stages facilitating a rapid turnover leading to the emergence of new SD genes.
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Notes on the chapter “Identification of a duplicated and translocated master sex
determination gene provides insight into homomorphic sex chromosome

differentiation in Northern pike (Esox lucius)”

This research project to identify the MSD in Esox lucius started with an educated guess. Tissue
specific transcriptomes, including one library sequenced from testis samples, were available for E.
lucius on the Phylofish online database. During the investigation of the expression pattern of the “usual
suspects’ of vertebrate MSD genes, two homologous copies of Anti-Millerian hormone (amh) were
identified and one copy showed an exclusive presence in the testis library. Before then, a male-specific
duplicate of amh had been determined as the male MSD in another teleost species, the Patagonian
pejerrey (Odontesthes hatcheri), so the amh copy with testis-specific expression found in E. lucius,

named amhby, became a very good candidate for being the male MSD in this species.

In our experiments, we raised the Northern pikes in the indoor fish facility in our laboratory.
Raising and performing experiments on top predator fishes with big body size and long generation
time like the Northern pike presents numerous difficulties, some of them were not foreseen before our
study. Pikes exhibit a high level of cannibalism as early as three weeks post fertilization, and they can
grow up to 40 cm during the first year. For these reasons, they need to be kept in individual tanks early
and for the entire period of the experiment. These characteristics of Northern pikes increased
tremendously the difficulty in performing experiments and the cost of keeping large numbers of
individuals for each experiment. As a result, we could only perform limited experiments each

reproductive season, which occurs annually within a one-month window.
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Abstract

Teleost fishes, thanks to their rapid turnover of sex chromosomes and their diversity of master
sex determining (MSD) genes, provide remarkable opportunities to study sex chromosome evolution
relating to the MSD genes they harbor. In this study, we present genomic, cytogenetic, functional, and
expression evidence for a male-specific duplicate of amh as the MSD gene in Northern Pike (Esox
lucius). In addition, we show that environmental factors can interfere with the function of this MSD.
Through phylogenetic and synteny reconstruction, we demonstrate that this MSD originated from a
lineage-specific duplication and was subsequently translocated to the telomere of the future Y
chromosome. These results highlight further substantiate the pivotal role of the amh pathway in teleost
sex determination and provide the first empirical example of the effect of an inserted MSD gene on a

pair of morphologically homomorphic sex chromosome.
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Introduction

Sex chromosomes contain a species genetic sex determinants and present a unique evolutionary
puzzle. On one hand, sex chromosomes have evolved independently in many taxa, and unrelated sex
chromosomes often show converging properties. On the other hand, the age of sex chromosomes, the
size of their non-recombining region, and their turnover rate can differ drastically across taxa
(Beukeboom and Perrin, 2014; Bachtrog et al., 2014). Initial insights on sex chromosome evolution
came from detailed studies in Drosophila and in mammals (Lahn and Page, 1999; Bachtrog, 2003;
Skaletsky et al., 2003; Vicoso and Charlesworth, 2006; Soh et al., 2014), but recent research on other
vertebrate groups, such as avians (Smith et al., 2009; Smeds et al., 2015), reptiles (Ezaz et al., 2009;
Gamble and Zarkower, 2014), amphibians (Yoshimoto et al., 2008; Miura, Ohtani, and Ogata, 2012;
Schartl, 2015; Rodrigues et al., 2017) and teleost fishes (Kikuchi and Hamaguchi, 2013; Heule et al.,
2014; Herpin and Schartl, 2015; Pan et al., 2017), has provided new information that helps us
understand the evolution of sex chromosomes. The teleosts display the highest diversity of sex
determination systems in vertebrates, including several types of monofactorial and polygenic systems
(Mank and Avise, 2009; Kikuchi and Hamaguchi, 2013). Moreover, sex determination systems in fish
can differ even between very closely related species, as illustrated in the group of Asian ricefish (genus
Oryzias) (Takehana et al., 2007; Takehana et al., 2007; Takehana, 2008; Tanaka et al., 2007; Nagai et
al., 2008; Myosho et al., 2015), and sometimes even among different populations of a same species,
like in the Southern platyfish, Xiphophorus maculatus (\VVolff and Schartl, 2002). In addition, in some
species, genetic factors can interact with environmental factors, most commonly temperature (i.e.
Odontesthes bonariensis, Yamamoto et al., 2014), generating intricate sex determination mechanisms.
Beside this remarkable dynamics of sex determination systems, the rapid turnover of sex chromosomes
in the teleosts provides many opportunities to examine sex chromosomes pairs at different stages of
differentiation corresponding to the variety of master sex determining (MSD) genes that have been
adopted during transition of sex chromosomes. Indeed, studies on teleosts have unraveled many cases
of rapid transition of sex determination systems and neo-sex chromosomes. In addition, recent studies
on fish sex determination have revealed a dozen new master sex determining (MSD) genes, which

added an additional layer of understanding of sex chromosome evolution and transition.

The evolutionary trajectories of sex chromosomes are driven by the acquisition of a sex
determining role of new MSD genes. The origin of new MSD genes falls into two categories: either
gene duplication followed by sub- or neo-functionalization, or allelic diversification.
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The first mechanism starts with duplication of an autosomal gene, often as part of a larger chromosome
fragment, followed by the insertion of the duplicated fragment into a different chromosome, the
acquisition of a new sex determining function by a gene in the duplicated fragment, and finally the
origin of a new sex chromosome. The second mechanism starts with the diversification of two alleles
of a gene in the future sex chromosome pair; one allele then drives sex determination, while the other
allele either retains a non-sex-determining function or favors the development of the opposite sex
(Kikuchi and Hamaguchi, 2013). To date, the teleosts is the only group where examples of both gene
duplication and allelic diversification mechanisms have been found (Kikuchi and Hamaguchi, 2013;
Heule et al., 2014; Herpin and Schartl, 2015; Pan et al., 2017).

Another important insight coming from studies on teleost sex determination is that how the
MSD genes regulate the downstream pathway could impact profoundly the evolution of the sex
chromosome. A remarkable example of allelic diversification is found in the teleost Takifugu, where
the sex chromosomes are almost identical except for a single missense SNP (single nucleotide
polymorphism) in the AMH receptor (Kamiya et al., 2012). Without knowing the crucial and
bifurcating role AMH signaling plays in the sex determination gene network in teleosts, it would seem
bewildering that this pair of extremely homomorphic sex chromosomes with no suppression of
recombination showed strong evolutionary conservation among three species of Takifugu over 10
million years. This finding runs contrary to the vast genetic diversification of both sex chromosomes
resulting from suppression of recombination that is predicted by theories of sex chromosome evolution
(Bergero and Charlesworth, 2009). The Takifugu example illustrates the need to integrate molecular
studies of MSD gene function with turnovers of SD systems to better identify patterns and processes

of sex chromosome evolution in different taxa.

Northern pike (Esox lucius) is a large and long-lived keystone predatory teleost species found
in freshwater and brackish coastal water systems in Europe, North America, and Asia (Forsman et al.,
2015). It has emerged as a significant model species for ecology because of its important role as a top
predator that shapes the structure of local fish communities, and is also a valuable food and sport fish
(Raat, 1988). Northern pike exhibits a sexually dimorphic growth rate: females grow faster and can
reach a larger size than males, making females more economical than males for aquaculture (Raat,
1988). To obtain female monosex stocks, fisheries have developed several artificial gynogenesis
methods (Ihssen et al., 1990; Purdom, 1983; Luczynski et al., 2007). Despite this interest, little is
known about genetic sex determination in E. lucius beyond the fact that males are the heterogametic
sex (Luczynski et al., 1997).
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As the most studied species in the ancient lineage of Esociformes, Northern pike is a key species for
studying the additional whole genome duplication of the sister group salmonids (Leong et al., 2010;
Rondeau et al., 2014; Lien et al., 2016). Consequently, important genomic resources such as a whole
genome assembly anchored on chromosomes (Rondeau et al., 2014), and tissue-specific
transcriptomes (Pasquier et al., 2016) have been recently published for E. lucius. In salmonids, an
unusual master sex determination gene arising from the duplication of an immune-related gene has
been identified (Yano et al., 2012). This master SD gene, named sdY, was found to be conserved in
the majority of inspected salmonid species, but was not found in E. lucius (Yano et al., 2013). The
restriction of sdY to the salmonids raises the question of what was the ancestral MSD before the
emergence of the “unusual” sdY. The first step to answer this question is to identify the genetic

component responsible for sex determination in E. lucius.

In this study, we provide support from gene expression, functional studies, and genomic data
for a male-specific duplicate of amh as the MSD gene in E. lucius. We show that this male-specific
paralog of amh originated from a lineage-specific duplication and translocation event, and acquired its
MSD function through regulatory rewiring. We demonstrate that the MSD gene is located in the
telomere of the Y chromosome. Finally, we show that sex determination in E. lucius can be influenced
by environmental factors, illustrating the flexibility of the genetic sex determination system in this

species.

Material and Methods

Fish rearing conditions

Research involving animal experimentation conformed to the principles for the use and care of
laboratory animals, in compliance with French and European regulations on animal welfare. Fertilized
eggs from maturing Northern pike females were obtained from the fish production unit of the fishing
federation of Ille et Vilaine (Pisciculture du Boulet, Feins, France). Fish were maintained indoors under
strictly controlled conditions in aquaria, with running dechlorinated local water (pH=8) filtered with a
recirculating system. Rearing temperature and photoperiod followed the trend of the ambient natural
environment. Northern pike fry were fed with live prey such as artemia larvae, daphnia, and adult

artemia depending on fish size. After reaching a length of 4-5 cm, fish were fed with rainbow trout fry.
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For genotyping, small fin clips were taken from caudal fins after administrating fish anesthetics
(3 ml of 2-phenoxyethanol per L). When needed, fish were euthanized with a lethal dose of anesthetics
(10 ml of 2-phenoxyethanol per L). Temperature treatment experiments were performed on 60
Northern pike from the same parental cross. All animals were kept at 12 °C until hatching and then
separated into two groups of 30 animals each. One group was raised at a temperature of 12 °C while

the other group was raised at a temperature of 18°C.

Animals raised at 18 °C had a higher growth rate and were sampled at 163 days post fertilization
(dpf), while animals raised at 12 °C were sampled at 199 dpf to compensate for their slower growth
rate. Fin clips from each animal were kept for genotyping, and gonadal sex was first visually assessed

and further confirmed by histological analysis when necessary.

Fosmid library screening, sub-cloning and assembling

The Northern pike fosmid genomic DNA library was constructed by Bio S&T (Québec,
Canada) from high molecular weight DNA extracted from the liver of a male European E. lucius using
the CopyControl Fosmid Library Production Kit with pCC1FQOS vectors (Epicentre, USA) following
the manufacturer’s instructions. The resulting fosmid library contained around 500,000 non-amplified

clones that were arrayed in pools of 250 individual fosmids in ten 96-well plates.

Pike fosmid clones were screened by several rounds of purification by PCR to identify
individual fosmids containing amhby and amha. To sequence the two 40 kb fosmids, purified fosmid
DNA was first shattered into approximately 1.5 kb fragments using a Nebulizer kit supplied in the
TOPO shotgun Subcloning kit (Invitrogen), and then sub-cloned into pCR4Blunt-TOPO vectors.
Individual plasmid DNAs were sequenced from both ends with Sanger sequencing using M13R and
M13F primers. The resulting sequences were then assembled using ChromasPro version 2.1.6
(Technelysium Pty Ltd, South Brisbane, Australia).
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Phylogenetic and synteny analyses

The protein and cDNA sequences of amhby and amha were predicted from their genomic
sequences using the FGENESH+ suite (Solovyev, 2007), and the resulting cDNA sequences were
compared to the corresponding transcripts publicly available in the Phylofish database (Pasquier et al.,
2016). Shared identity between cDNA sequences was calculated after alignment using Clustal Omega
(Sievers et al., 2011) implemented on EMBL-EBI (McWilliam et al., 2013; W. Li et al., 2015) with

default settings.

Global pairwise alignments of the two transcripts were performed using the mVISTA LAGAN
program with default settings (Brudno et al., 2003). Shared identity and similarity between protein
sequences were calculated using EMBOSS Water (Rice et al., 2000). For each amh paralog, the
putative promoter was arbitrarily defined as the 5kb genomic sequence upstream of the start codon.
The two putative promoters were compared using PromoterWise (Rice et al., 2000) and mVISTA
LAGAN program (Brudno et al., 2003).

Phylogenetic reconstruction of Amh proteins was performed using the maximum likelihood
method implemented in PhyML 3.0 (Guindon et al., 2010), and the proper substitution model was
determined with PhyML-SMS (Lefort et al., 2017). AMH protein sequences from eight teleost species
and from the spotted gar (Lepisosteus oculatus), which was used as outgroup, were retrieved from the

NCBI Protein database. The accession number for each sequence is referenced in Table S1.

A synteny map of the conserved genes in blocks around amh was constructed with nine teleost
species and spotted gar as outgroup. For spotted gar (Lepisosteus oculatus), zebrafish (Danio rerio),
Atlantic cod (Gadus morhua), three-spined stickleback (Gasterosteus aculeatus), fugu (Takifugu
rubripes), tetraodon (Tetraodon nigroviridis), Nile tilapia (Oreochromis niloticus), Southern platyfish
(Xiphophorus maculatus) and Amazon molly (Poecilia formosa), the synteny map was created with
the Genomicus website (www.genomicus.biologie.ens.fr). For Northern pike, genes located upstream
and downstream of amha on LGO08 were deduced from the genome assembly (Eluc_V3, GenBank
assembly accession: GCA _000721915.3).

73



74



Fluorescent in situ hybridization (FISH) on chromosome

For cytogenetic analyses, twelve 8-month old males and nine females E. lucius were obtained
from a local fish farm in Ru$ (Poland). Somatic metaphase plates were prepared from cephalic kidney
cells by the conventional air-drying technique with slight modification (Ocalewicz et al., 2013). To
accumulate metaphases, fish were injected with 0.3% colchicine (Sigma-Aldrich, St. Louis, MO, USA)
solution (0.25 mlI/100 g body weight) for 60 minutes before being sacrificed. Portions of cephalic
kidneys were removed, placed in 5 ml of a hypotonic solution (0. 075 M KCI), and homogenized using
glass homogenizers. Cell suspensions were then transferred to 10 ml glass tubes, hypotonized for 40
minutes at room temperature, and fixed with freshly prepared ice cold fixative (methanol: acetic acid,
3: 1). Chromosomes were stained with 4',6-diamidino-2-phenylindole DAPI (Vector, Burlingame, CA,
USA) for visualization. Constitutive heterochromatic regions were visualized using the C-banding
technique described by Sumner (1972).

Fluorescent in situ Hybridization was performed according to the method described by Bugno
et al (2010) with some modifications. Fosmids containing amha and amhby sequences were labelled
with the biotin-nick translation mix (Roche, Mannheim, Germany) according to the manufacturer’s
instructions. Metaphase spreads were digested with RNAse and pepsin, dehydrated in an ethanol series
(70%, 80% and 95%), and dried at room temperature. 10ul of the labelled BAC probes suspended in
the hybridization solution were dropped onto chromosome slides, covered with coverslips and sealed
with rubber cement. Co-denaturation of labelled DNA and chromosomal DNA was performed on a
hot plate at 75 °C for 4 min. Samples were hybridized overnight in a moist chamber at 37 °C. Post-
hybridization washes were performed at 45 °C in the following order: twice with a solution of 50%
formamide and 2X SSC for 5 min., and twice with 2X SSC. Then, slides were incubated in Detergent
Wash Solution for 4 min. Hybridization signals were detected using Star*FISHO detection kit (FITC)
for the biotin labelled probes (Cambio, Cambridge, UK) according to the manufacturer’s instruction.
Chromosomal spreads were then stained with DAPI and analyzed under a fluorescence microscope
(Axiophot, Zeiss, Germany) equipped with a digital charge coupled device camera, driven by Lucia

software (Laboratory Imaging LTD, Prague, Czech Republic).
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DNA extraction and genotyping

All fin clips were collected and stored at 4°C in 75-100% ethanol until DNA extraction. To
obtain DNA for genotyping, cells were lysed with 5% Chelex and 25 mg of Proteinase K at 55°C for
two hours, followed by incubation at 99°C for 10 minutes. After brief centrifugation, the supernatant
containing genomic DNA was transferred to clean tubes without the Chelex beads (Gharbi et al., 2006).
To obtain DNA for sequencing, extractions were performed using NucleoSpin Kits for Tissue
(Macherey-Nagel, Duren, Germany) following the producer’s protocol. When using this protocol,
DNA concentration was quantified with a NanoDrop ND2000 spectrophotometer (Thermo scientific,
Wilmington, Delaware). Primers for genotyping were designed using Perl-Primer (version 1.1.21,

Marshall, 2004). Primer sequences and corresponding experiments can be found in Table S2.

RNA extraction, cDNA synthesis and gPCR

Ten animals were sampled at 54, 75, 100, and 125 days post fertilization (dpf). At the first three
time points, the whole trunk was collected for RNA extraction because gonads were two small to
isolate routinely at these stages. At 125 dpf, gonads were large enough to be isolated and they were
collected for RNA extraction. The genotypic sex of each animal was determined based on amhby

presence and results are listed in Table S3.

Samples (trunks or gonads) were immediately frozen in liquid nitrogen and stored at -70 °C
until RNA extraction. RNA was extracted using Tri-Reagent (Molecular Research Center, Cincinnati,
OH) following the manufacturer’s protocol and RNA concentration was quantified with a NanoDrop
ND2000 spectrophotometer (Thermo scientific, Wilmington, Delaware). Reverse transcription (RT)
was performed by denaturing a mix of 1ug of RNA and 5 pL of 10mM dNTP at 70°C for 6 minutes,
followed by 10 minutes on ice. Random hexamers and M-MLV reverse transcriptase (Promega,
Madison, WI) were then added, and the mixture was incubated at 37°C for 75 minutes followed by 15
minutes of enzyme inactivation at 70°C, and then chilled at 4°C. During these last two steps, a negative
control without reverse transcriptase was prepared for each sample. The resulting cDNA was diluted
25-fold before qPCR.
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gPCR primers were designed using Perl-Primer (version 1.1.21, Marshall, 2004) on intron-
exon junctions to avoid genomic DNA amplification (primers listed in Table S2). Primer pairs were
diluted to 6 pg/pL for gPCR. gPCR was performed with SYBER GREEN fluorophore kits (Applied
Biosystems, Foster City, CA) on an Applied Biosystems StepOne Plus instrument. For each reaction,
4 pL of diluted cDNA and 1uL of diluted primers were added to 5 pL of SYBER Green master mix.
The following gPCR temperature cycling regime was used: initial denaturation at 50°C for 2 minutes
and then at 95°C for 2 minutes, followed by 40 PCR cycles at 95°C for 15s, 60°C for 30s and 72°C
for 30s, and a final dissociation step at 95°C for 3s, 60°C for 30s and 95°C for 15s. Samples were
checked for nonspecific amplification and primer-dimers using the dissociation curve implemented in
the StepOne software. Relative abundance of each target cDNA was calculated from a standard curve
of serially diluted pooled cDNA from all samples, and then normalized with the geometric mean of
the expression of six housekeeping genes (8-actin, efla, gapdh, eftud?, ubr2, and ccdc6b) following

classical qPCR normalization procedures (Vandesompele et al., 2002).

Whole mount in situ hybridizations

In situ hybridization RNA probes for amhby and amha were synthetized from cDNA PCR
products amplified from 125 dpf testis samples using primers including T7 sequences in the reverse
primer (Table S2). These PCRs were performed with the Advantage2 Tag Polymerase (Clontech,
Mountain View, CA) for high fidelity. Gel electrophoresis was performed on the PCR products, and
products of the expected size were cut out and purified using NucleoSpin Gel and PCR Clean-up Kit
(Macherey-Nagel, Duren, Germany). 10 ng of purified PCR product was then used as template for
RNA probe synthesis. RNA probes were synthesized using T7 RNA polymerase (Promega,
Harbonnieres, France) following the standard protocol, with digoxigenin-11-UTP for amha and
Fluorescein-12-UTP for amhby. Afterwards, probes were purified using NucleoSpin Gel and PCR
Clean-up Kit (Macherey-Nagel, Duren, Germany), re-suspended in 50 pL of DEPC water, and stored
at -70 °C.

Samples used for in situ hybridization were entire trunks of males and females collected at 85
dpf. Hybridization was performed using an in situ Pro intavis AG robotic station according to the
following procedure: male and female samples were dehydrated, permeabilized with proteinase K (25
mg/ml) for 30 minutes at room temperature, and incubated in post-fix solution (4% paraformaldehyde

and 0.2% glutaraldehyde) for 20 minutes.
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Then, samples were incubated for 1hr at 65 °C in a hybridization buffer containing 50% formamide,
5% SCC, 0.1% Tween 20, 0.01% tRNA (0.1 mg/ml) and 0.005% heparin. RNA probes were added
and samples were left to hybridize at 65 °C for 16 hr. Afterwards, samples were washed three times
with decreasing percentages of hybridization buffer, incubated in blocking buffer (Triton .1%, Tween
20 0.2%, 2% serum/PBS) for 2hr, and incubated for 12h with addition of alkaline phosphatase coupled
with anti-digoxigenin antibody for amha and anti-Fluorescein antibody for amhby (1:2000, Roche
Diagnostics Corp). Samples were then washed with PBS solution, and color reactions were performed
with NBT/BCIP (Roche). After visual inspection of coloration, samples were dehydrated and
embedded in plastic molds with paraffin with a HistoEmbedder (TBS88, Medite, Burgdorf, Germany)
instrument. Embedded samples were sectioned into 5 mm slices using a MICRO HM355 (Thermo
Fisher Scientific, Walldorf, Germany) instrument. Imaging of the slides was performed with an
automated microscope (Eclipse 90i, Nikon, Tokyo, Japan).

TALENS and CRISPR-cas9 knock-out

TALENs were assembled following a method derived from Huang et al., 2011. For each
subunit, the target-specific TALE DNA binding domain consisting of 16 RVD repeats was obtained
from single RVD repeat plasmids kindly provided by Bo Zhang (Peking University, China).
Assembled TALE repeats were subcloned into a pCS2 vector containing appropriate A152 Nter TALE,
+63 Cter TALE, and Fokl cDNA sequences with the appropriate half-TALE repeat (derived from the
original pCS2 vector (Huang et al, 2011). TALEN expression vectors were linearized by Notl
digestion. Capped RNAs were synthesized using the mMMESSAGE mMACHINE SP6 Kit (Life
Technologies, Carlsbad, CA) and purified using the NucleoSpin RNA |1 Kit (Macherey-Nagel, Duren,
Germany).

Three pairs of TALENSs (Reyon et al., 2012; Cade et al., 2012), called T1, T2 and T3, were
designed on exon | and exon Il of amhby (Figure S3A) and diluted to 50 ng/L and 100 ng/L. Groups
of embryos were microinjected with one pair of TALENS at the one-cell stage. Among surviving
embryos, 66 were injected with T1 (51 embryos at 50 ng/L, 15 embryos at 100 ng/L); 101 were injected
with T2 (73 embryos at 50 ng/L, 28 embryos at 100 ng/L); and 45 were injected with T3 (all at 50
ng/L). At two months post fertilization, fin clips were collected for genotyping with primers flanking
the TALEN targets. Only males with a disrupted amhby sequence were kept until the following
reproductive season. The sperm of three one-year old males carrying an amhby disrupted sequence
was collected and then used for in vitro fertilization with wild-type eggs.
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F1 individuals were genotyped for amhby TALEN targeting sites using primers flanking the TALEN
targets, and mutants were kept until 153 dpf. Animals carrying a disrupted amhby sequence were then
dissected and their gonads were subjected to histological analysis to inspect the phenotypes resulting

from amhby knockout.

CRISPR-Cas9 guide RNAs (gRNAs) targeting three sites located in exon 9 and in intronic
regions immediately upstream and downstream of exon 9 of amhrll were designed with the ZiFiT
software (Sander et al., 2007, 2010) (Figure S3B). Annealed oligonucleotide pairs were cloned into a
pDR274 vector and linearized with Dral, and pCS2-Ncas9n plasmids were linearized with Notl
(Hwang et al., 2013; Mali et al., 2013). In vitro transcription of the gRNA and Cas9 RNA from the T7
initiation site was performed using Maxiscript T7 kit (Applied Biosystems). Synthesized gRNAs were
then mixed and adjusted to 25 ng/L, and Cas9 RNA was adjusted to 100 ng/L. Embryos were
microinjected with both Cas9 RNA and a mixture of the three gRNAs at the one-cell stage. Fin clips
were collected from these embryos two months post fertilization for genotyping with primers flanking
the deletion site on amhrll (Figure S3) and with primers for amhby. Chromosomally XY individuals
with amhby and carrying a mutation in amhrll were maintained to the following reproductive season,
when spawning was induced with Ovaprim (Syndel, Ferndale ,Washington) following the protocol by
Szabo (2003). In vitro fertilization was performed with eggs and sperm produced by XY amhrll

mutants. F1 animals were genotyped with the same primers as used in the genotyping of GO animals

at 4 weeks and 9 weeks post fertilization to detect amhrll mutations” $¢¢ note at the end of material and methods

section

Genetic map construction

A Restriction Associated DNA Sequencing (RAD-Seq) library was constructed from genomic
DNA extracted from the fin clips of two parents and 78 of their offspring according to standard
protocols (Amores et al., 2011), and sequenced in one lane of Illumina HiSeq 2500. Raw reads were
analyzed with the Stacks (Catchen et al., 2011) program version 1.28. Quality control and
demultiplexing of the 169,717,410 reads were performed using the process_radtags.pl wrapper script
with all settings set to default except the minimum mean quality score on the reading window, which
was set to 20 (-s 20). In total, 129,128,677 (76%) reads were retained after this filtering step, including
~2,500,000 retained sequences from the mother, ~3,000,000 retained sequences from the father, and

between 1,000,000 and 2,000,000 retained sequences from each offspring.
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Stacks of reads were built using the denovo_map.pl wrapper script with minimal number of reads to
form a stack set to 3 (m=3), high bound set to 0.05 (--bound_high 0.05) and all other settings set to
default. A total of 255,813 loci were obtained, among which 8,246 were polymorphic. These
polymorphic loci were sorted and filtered using homemade scripts before genetic map construction to
1) remove loci found in fewer than half of the offspring; 2) remove loci with more than two triploid
(or higher polyploid level) genotypes (in conserved loci, these unexpected genotypes were replaced by
missing data); 3) remove loci with heterozygosity higher than 0.66 or lower than 0.33; 4) select markers
with two alleles and two genotypes; 5) select markers with two alleles and three genotypes, a
heterozygosity between 0.47 and 0.53, and a ratio “number of homozygote 1/ number of homozygote
2” between 0.8 and 1.2 (such markers are informative in both parents and can help to merge male and
female maps); and 6) output markers in a format compatible with CARTHAGENE (de Givry et al.,
2005), which was used to help sort linkage groups, order markers, and calculate map distances. To be
consistent with the cytogenetic observation that E. lucius has 25 pairs of chromosomes, a LOD
threshold of 7 and a distance of 0.3 centiMorgans was chosen. To check for alternative orders with
higher likelihood and to test inversions and permutations of groups of markers, the following
optimization settings were used: -annealing 30 300.0 0.1 0.8, -flips 5 0 2, -greedy 1 -1 5 30 0, -polish,
and -squeeze {50 50} (for more details on these settings, see the CARTHAGENE user guide). The
resulting map was visualized with MAPCHART version 2.1 (Voorrips, 2002).

Population analysis for male and female E. lucius RAD-Seq markers

RAD-Seq reads from the genetic map were analyzed with the Stacks program version 1.44.
Raw reads were filtered and demultiplexed using the process_radtags wrapper script with all settings
set to default. Demultiplexed reads were mapped to the genome assembly of E. lucius (Elu_V3,
GenBank assembly accession: GCA_000721915.3) using BWA (version 0.7.15-r1140, H. Li and
Durbin, 2009) with all settings set to default. The resulting BAM-files were run through the ref_map.pl
pipeline, with a minimum stack depth of 10 (m=10) and all other settings set to default. Results of
ref_map.pl were analyzed with the populations program, using the --fstats setting to obtain population
genetic statistics between sexes. Fisher’s exact test was performed on all polymorphic sites using Plink
(version 1.90b4.6 64-bit, Renteria et al., 2013) to estimate association between variants and phenotypic
sex. A Manhattan plot was constructed in R with homemade scripts showing -logio(Fisher’s test p-

value) for all 25 LGs of the E. lucius genome.
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An additional analysis was performed to analyze both polymorphic and non-polymorphic
markers, including potentially hemizygous markers. In this analysis, demultiplexed reads were
grouped into stacks using the denovo_map.pl wrapper script with minimum number of reads to form
a stack set to 10 (m=10), maximum number of mismatches allowed when forming stacks in one
individual set to 0 (M=0), maximum number of mismatches allowed when merging stacks in the
catalog set to 0 (N=0), gapped assembly deactivated (--gapped not set), calling haplotypes from
secondary reads disabled (H not set), ustacks max locus per stack set to 1 (--max_locus_stacks=1), and
ustacks lumberjack step deactivated (--keep_high_cov set). These parameter values ensured that each
stack represented a single allele (or haplotype) from a single locus. The distribution of haplotypes
between males and females was calculated using a custom pipeline, and results were presented in a
heatmap with number of males in which a haplotype is present as abscissa (x-axis), number of females
in which a haplotype is present as ordinate (y-axis), and number of haplotypes present in x males and
y females as color of the tile at coordinates (X, y). For each combination of number of males and
number of females in which a haplotype is present, the probability of association with sex was
estimated with a chi-square test, applying Bonferroni correction. Sequences from haplotypes with
male-biased or female-biased distribution were extracted and mapped to the genome assembly using
BWA (version 0.7.12) with all settings to default. The ratio (M - F) / (M + F), where M is the number
of males and F the number of females in which the haplotype is present, was plotted against the
mapping position of each haplotype to visualize haplotype distributions between males and females

along each LG.

Histology

Gonads to be processed for histology were fixed immediately after dissection in Bouin’s
fixative solution for 24 hours. Samples were dehydrated with a Spin Tissue Processor Microm (STP
120, Thermo Fisher Scientific, Walldorf, Germany) and embedded in plastic molds in paraffin with a
HistoEmbedder (TBS88; Medite, Burgdorf, Germany). Each embedded sample was cut serially into
slices of 7 um using a MICRO HM355 (Thermo Fisher Scientific, Walldorf, Germany) and stained
with Hematoxylin. Imaging was performed with an automated microscope (Eclipse 90i, Nikon, Tokyo,

Japan).

87



A Females Males

amhby B o dun

amha !

- e e e l - e e e
B
o § (00 Ex1 Ex3 Ex4 ExS _
25 amhby genomic sequence TGF-B
= = 50
:-a g i .%'AL i$i<“ .lu ‘
PQ it
c\c A
e . .
0 300 600 1200 1500 1800 2100 2400 2700 3000
C
. amhby
740 i 854 8L 4 95, o 792 . 85.7 74.5

Ex1 Ex2 p—{ Ex3 —.—.— Ex6 Ex7 k 100bp

Figure 1: Sequence identify comparison and amplification of amha and amhby in male and female genomes.
A: PCR amplification of amha and amhby in male (n=4) and female (n=4) genomic DNA samples from E.
lucius. B: Global pairwise alignment between amah and amhby genomic sequences is presented with amhby as
the reference. The shared identity between the two sequences is plotted along the amhby genomic sequence and
each exon of amhby is highlighted in blue with the TGF-f domain in the Exon 7. C: amhby and amha gene
structure are presented in a schematic fashion from the start to the stop codon. Exon1-Exon7 are represented by
blue boxes with shared percentage identity indicated in between amha and amhby, and introns are represented
by solid grey lines. The red segment in intron 1 represents the amhby specific insertion. The TGF-$ domains

are indicated with diagonal lines.
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Statistical analyses

All statistical analyses, including Wilcoxon signed rank test and Chi-squared test, were
performed with R (version 3.3.2).

* Notes

The characterization of the F1 amhrll mutants is not included in this version of the thesis as at the time
of the writing, the pikes had not yet grown to sufficient size. However, the mutants have already been
sampled on the 17" of Oct, 2017.

Results

Characterizing a male-specific duplication of amh in E. lucius

BLAST searches using amh sequence of Salmo salar, two amh transcripts in the tissue-specific
transcriptome libraries of Esox lucius from the PhyloFish online database (phylofish.signae.org).
While one amh transcript was expressed in all tissues investigated, including testis and ovary, the other
transcript was found to be exclusively expressed in the testis (Figure S1). The two amh transcripts
share 78.9% nucleotide identity.

Amplification of genomic DNAS using primers specific to each transcript showed that one copy
of amh was present in both male and female genomes, while the testis-specific copy of amh was only
present in the XY male genome (Figure 1A). The association of the testis-specific copy with male
phenotype was confirmed in 140 individuals among three populations. We called the male-specific

amh paralog amhby (Y-chromosome-specific amh paralog b) and the other paralog amha (amh paralog
a).

Fluorescent in situ hybridization (FISH) of amha and amhby was performed on interphase
chromosomes in both male and female Northern pike using fosmids containing either gene as a probe.

Fifty uniarmed chromosomes were observed (FN=50) with no clear sex-specific pattern of

heterochromatin distribution.

89



amhby amha

Male

Female

Interphase Interphase
cells chromosomes

Figure 2: Fluorescent in situ hybridization of amha and amhby in E. lucius.

A-D: Two spots of amha signal are detected on interphase cells in both male (A) and female (C) samples, while
only one spot of amhby signal is detected in males (B) but not in females (D). E-G: amha signal is detected on
two chromosomes in both male (E) and female (F) samples, while amhby signal is only detected in on
chromosome in male samples (G). Orange arrows point to the fluorescent signal of amha or amhby.
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For amha, fluorescent signals after FISH were observed on two chromosomes in both male and female
cells, and two spots were also observed in the male and female interphase nuclei (Figure 2). In contrast,
for amhby, fluorescent signal was detected in a single medium-sized chromosome in males but not
females and only one spot was observed in male interphase nuclei and none in female interphase nuclei
(Figure 2).

To compare the local genomic sequences as well as putative promoter regions upstream of the
coding sequence of each paralog, one fosmid containing amha and one containing amhby were
obtained and sequenced. The nucleotide identity between corresponding exons of amha and amhby
ranged from 74% to 95% (Figure 1B and 1C). A 396 bp insertion specific to intron 1 of amhby was
identified as the only structural difference between the two genes. Hardly any sequence similarity was
found between their putative promoters (5 kb region upstream of each start codon), except in a 1020
bp repetitive element located 1309-2321 bp upstream of amhby and 1184-2212 bp upstream of amha
sharing 74% sequence identity between the two promoter regions. For amha, this 5 kb putative
promoter included the entire intergenic sequence up to the dotll gene, located 4.3 kb from the start
codon of amha. No additional similarity was identified when comparing this amha putative promoter
to the additional 22 kb region upstream of amhby contained in the amhby fosmid, and apart from the

Amhby protein, no other protein was found in the amhby fosmid sequence.

Protein sequences predicted from amha and amhby transcript sequences contain 580 amino
acids for Amha and 560 amino acids for Amhby. These two protein sequences share 68.7% identity
and 78.4% amino-acids similarities. Both proteins had a complete TGF-B domain, comprising the last

95 amino acids, with seven canonical cysteine residues within their C-terminal sequence.

A chromosomal translocation involving amhby occurred after a lineage-specific
duplication of amh

Prior to the discovery of amhby in E. lucius, male-specific duplications of amh had been
identified in Patagonian pejerrey (Odontesthes hatcheri) (Hatorri et al., 2012) and in Nile tilapia
(Oreochromis aureus) (Li et al., 2015), but whether these amh duplicates are lineage-specific or results
of shared ancestry remained unclear. To clarify, we constructed a phylogeny of Amh from nine species
across the teleosts - including all three species with male-specific amh duplications - and included

spotted gar Amh as outgroup (Figure 3A).
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Figure 3: Evolution of Amh in the teleosts. A: Phylogenetic reconstruction of the teleosts Amh protein
orthologs. Phylogenetic tree was constructed with the maximum likelihood method (bootstrap=1000) and the
numbers at the tree nodes are the bootstrap values. Spotted gar (Lepisosteus oculatus) Amh was used as an
outgroup. Branches with Amh duplication are indicated by the red pinwheel stars. B: Synteny map of the
genomic regions around amh genes (highlighted by the red dotted-line box) in the teleosts. Orthologs of each
gene are shown in the same color and the direction of the arrow indicates the gene orientation. Ortholog names
are listed below and the genomic location of the orthologs are listed on the right side. For Esox lucius, amha,
which is located on LGO08, is used in this analysis.



In this protein phylogeny, the ‘normal’ and sex-specific Amh paralogs from Esox lucius, Odontesthes
hatcheri and Oreochromis aureus cluster together within each species with significant bootstrap
values, suggesting that these three pairs of amh paralogs were not derived from the same ancestral
duplication event, but rather derived from three independent and lineage-specific duplication events.

To determine the origin and genomics of the two pike amh paralogs, we generated a map of
conserved syntenies for amh in several teleost species including the spotted gar (Lepisosteus oculatus)
as outgroup (Figure 3B). The genomic region around amha in E. lucius was inferred from the genome
assembly (GenBank assembly accession: GCA_000721915.3) and verified by the sequence of the
fosmid containing amha that also contained dotl1l. The amhby sequence was not found in the Northern
pike reference genome, even though this genome is recorded as a male genome. Because no other
known gene was found in the sequence of the fosmid containing amhby, this gene could not be included
in the synteny map. Genes located upstream (i.e. dotll, ell, and fkbp8) and downstream (i.e. oazla) of
amha showed conserved synteny in all teleost species included in the analysis, which suggests that

amha was the ancestral amh copy in E. lucius and that amhby evolved from a duplication of amha.

amhby is expressed prior to sexual dimorphic molecular differentiation of the
gonads in male E. lucius

The expression kinetics of amhby and amha were measured by qPCR at 54 dpf (days post-
fertilization), 75 dpf, 100 dpf and 125 dpf (Figure 4A-B). Expression of amha was significantly higher
in males than in females at 100 dpf (Wilcoxon signed-rank test, p=0.043) but no significant sex
dimorphic pattern was observed at 75 dpf (p=0.915) and 125 dpf (p=0.915), and no expression was
detected at 54 dpf. In contrast, the expression of amhby was detected only in males, where it had
already begun before the first sampling stage (54 dpf), and it increased exponentially over time
(R2=0.79). To better define the timing of amhby expression with respect to other sex differentiation
events in the gonads, we investigated the expression of dmrtl, cyp19ala, and gsdf, three genes known
for their role in gonadal sex differentiation. The expression of these sex differentiation genes was not
detected until 100 dpf, much later than the beginning of the expression of amhby (Figure S2).
Moreover, only cypl9ala was significantly expressed at that time point of 100 dpf (Wilcoxon signed-
rank test, p=0.11, p=0.014, and p=0.11 for dmrtl, cypl9ala, and gsdf respectively), and none of these
genes had a significant sex-dimorphic expression at 125 dpf (Wilcoxon signed-rank test, p=0.75, 0.11,

and 0.11 for dmrtl, cypl9ala, and gsdf respectively).
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Figure 4: Temporal and spatial expression of amha and amhby mRNA in male and female developing gonads.
A-B: Boxplot showing the first quantile, median, and the third quantile of the temporal expression of amha (A)
and amhby (B) measure by qPCR during early development of E. lucius. Outliers are displayed as a dot. The
expression of mMRNA of amha and amhby were measured at 54, 75, 100, and 125 days post fertilization (dpf) in
male and female samples of E. lucius and the logio of their relative expression is presented on the graph. P-
values are given for Wilcoxon signed rank test between male and female expression at each time point. C-F: In
situ hybridization revealed the localization of amha in both 85dpf female (C) and male (D) gonads, with stronger
signal in the male gonads. The signal of amhby mRNA expression is only detected in the mal gonad with high
concentration (F), but not in female gonad (E). The red scale bars denote 20 um and the dashed lines outlines
the gonadal sections.
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The expression of amhrll, the putative specific type Il receptor for Amh, was also not detected
until 100 dpf, which was later than the beginning of the expression of both amha and amhby.
Furthermore, the expression of amhrll did not follow a sex-dimorphic pattern at either stage examined
(Wilcoxon signed-rank test, p=0.11 at 100 dpf and p=1 at 125 dpf). However, RNA-Seq data obtained
from the Phylofish online database (Pasquier et al., 2016) in adult tissues showed expression of amhrl|
restricted to gonads, with a 35-fold higher expression in testis than in ovary (Figure S1C), showing

male-biased expression of this gene in adult gonads.

To determine whether amhby is expressed in germ cells or support cells of the gonad, we
performed in-situ hybridization (ISH) on histological sections of the entire trunk of male and female
E. lucius at 80dpf using RNA probes specifically targeting amha and amhby (Figure 4C-4F). Signal
for amha was detected in the gonads of both male (Figure 4D) and female (Figure 4C) samples, but
the signal was much stronger in male gonads, in agreement with the higher expression of amha in
males compared to females measured by gPCR at 100 dpf. In contrast, amhby signal was not detected
in the female samples (Figure 4E), while a strong amhby signal was detected in male gonads (Figure
4F). Although specific markers would be required to identify the type of cells expressing amhby and
amha, it could be inferred that both genes are likely to be expressed in somatic cells surrounding the
germ cells. In addition, no morphological differentiation was observed between male and female

gonads at this stage.

amhby is necessary for testicular differentiation and the sex determination (SD)
signal is passed through amhrll

We knocked out amhby using three pairs of TALENS targeting exon 1 of the Amhby protein
(Figure S3A). Genotyping of GO animals showed that only one TALEN pair was effective in inducing
a deletion in the amhby sequence. Overall, 12 E. lucius males among the 36 (33.3%) males treated
with this pair of TALENs were carrying a disrupted amhby that resulted in a truncated and non-
functional protein. These GO mutant males were crossed with wild-type females to generate non-
mosaic F1 mutants with disrupted amhby. Offspring were obtained from three amhby mutant males
and only XY offspring were maintained until the beginning of testicular gametogenesis at 153 dpf.
Gonads from the F1 XY mutants were subjected to histological analysis and compared with those of
wild-type control XY males (N=4) and control XX (N=4) females. Control animals developed normal
ovary and testis, but all 23 XY mutants carrying a defective amhby failed to develop a normal testis in

three independent crosses of different parental pairs (N=7, 8, and 8 for each cross).
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Figure 5: Gonadal phenotypes of E. lucius in knockout amhby and amhrll experiments.

A: F1 Control and mutant phenotypes in amhby knockout (KO) experiment. Histology of gonads of control XX
female (A1), control XY male (A2) and amhby KO XY male (A3) at 153 dpf. The XY mutant with amhby KO
(A3) showed complete sex reversal that it developed ovary with oocytes and ovary cavity, and is
indistinguishable from the ovary of control females (Al). B&C: Gonadal phenotypes in amhrll knockout GO
mutants. Pictures of the gonads in the first lane (B.1- B.3), with the corresponding histology of the gonad below
(C.1-C.3) are presented for three categories of mutants: 1) male gonads of an XY mutant 2) intersex gonads 3)
female gonads of an XY mutant. PVO: previtellogenic oocytes; SP: spermatozoids; L: testicular lobules; T:
testis; and O: ovary.
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Among these 23 F1 XY mutants, 20 (87%) showed complete sex reversal in gonads, characterized by
the formation of an ovarian cavity and the appearance of previtellogenetic oocytes; the 3 (13%)

remaining mutants developed regressed, potentially sterile gonads (Figure 5A).

The amhrll gene was knocked out using CRISPR/Cas9 utilizing three gRNAs targeting exon
9 (Figure S3). Among the 92 surviving embryos microinjected with the pool of three gRNAs, 63
(68%) carried mutated amhrll sequences as well as wild-type sequences. We maintained 24 (38%)
mutant males were selected among these 63 animals and 19 (79%) of them survived to the next
reproductive season. After spawning induction, 7 (37%) animals produced sperm, and 4 (21%) showed
functional sex reversal demonstrated by the fact that they produced viable eggs. Gametes from these
11 individuals were used to perform in vitro fertilization to generate an F1 generation of amhrll
mutants. GO animals that did not spawn after induction were dissected to determine their gonadal sex.
In total, among 19 GO amhrll mutant males, 9 (37%) developed female gonads, 1 (5%) developed an
intersex gonad with both ovaries and testes, 9 (47%) developed normal testes, and 2 (10%) were not
determined (Figure 5B, Table S4).

Environmental factors interact with genetic sex determination in captive E. lucius

Two temperature regimes were applied to developing wild-type E. lucius from after hatching
to 5 months post fertilization. One group (n=27) was raised at an elevated temperature of 18°C and
another group from the same parental cross (n= 28) was raised at a temperature of 12°C. In the group
raised at high temperature, genotyping identified 13 (48%) amhby positive animals and 14 (52%)
amhby negative animals, but 26 (96%) animals developed testis and 1 (4%) animal developed ovaries,
resulting in a phenotypic sex ratio significantly skewed towards males (Chi-square test, p=3.8e-06). In
the group raised at the control temperature, genotyping showed 16 amhby positive (57%) and 12 amhby
negative (43%) animals, and remarkably, all (100%) animals in this group developed testis, also

resulting in a sex-ratio significantly skewed towards males (Chi-square test, p=1.21e-07).

Because male-skewed sex ratios were found in animals raised at both low and elevated
temperature, these results do not allow us to conclude how temperature affects sex determination in E.
lucius. However, they clearly demonstrate that, at least under laboratory conditions, sex determination

in the Northern pike can be affected by the rearing environment.
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Figure 6: Marker association with sex across 25 linkage groups of E. lucius genome. The logio of p-value from
the association test between each marker and sex phenotype is mapped against the linkage group they belong.
Linkage group 24 showed a concentration of markers significantly associated with sex phenotype. The colored
horizontal lines are indications for genome wide significance level from the association test, with red line
indicating p-value of 1*107° and blue line indicating p-value of 1*10°,
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The sex locus of E. lucius is located in the telomere of LG24

A microsatellite based linkage map of E. lucius was already available from Rondeau et al.,
(2014), but the sex locus was not identified, because the phenotypic sex of the samples was not
recorded. Therefore, we generated a new genetic map using RAD-Seq data from a single full-sibling
family of E. lucius in which sex phenotype was recorded for each individual fish. In total, this analysis
yielded 255,875 RAD tags of 94 bp each, 8,318 (3.25%) of which contained at least one polymorphic
site. Male and female maps were constructed separately and contained 897 and 1210 informative
markers respectively, more than three times the number scored in the microsatellite-based map from
Rondeau et al., which is likely caused by the differences in polymorphism between populations. The
total length of the male map was 1,332.2 cM with an average distance of 1.49 cM between markers,
and the total length of the female map was 1,477.1 cM with an average distance of 1.22 cM between
markers. The average recombination rate was 1.11 times higher in females than in males, which was
similar to the results of Rondeau et al., who obtained a female to male recombination rate ratio of 1.07.
The total length and number of markers for each linkage group (LG) are given in Table S5. The linkage
map for LG24, the sex chromosome, is given in Figure S5, and linkage maps of the 25 LGs for males
and females can be found in Appendix 1.

The position of the sex locus was inferred to be in the telomere region of LG 24 (0 cM) based
on phenotypic sex information for all of the offspring. When markers from LG 24 were mapped to the
genome assembly of E. lucius (Rondeau et al., 2014), a marker close to the sex locus (3.9 cM) was
located at 22.0 Mb on the 22.4 Mb assembled LG 24. (Figure S4). In addition, 32 male-specific non-
polymorphic RAD markers were identified that were found in all of the males but not found in any
female, which were considered to be markers coming from the sex-locus. When the sequence of these
markers was aligned to the genome assembly, 15 (47%) mapped with a mapping quality > 20. Among
these, 5 (33%) RAD-tags aligned to a region located distal to 22.1 Mb on LG 24; 1 (7%) aligned at
position 17.3 Mb on LG24; 7 (22%) aligned to unplaced scaffold 0213, and 2 (6%) aligned to other
LGs. In addition, 2 of the unmapped male-specific markers aligned perfectly to the sequence of amhby
obtained from the fosmid but failed to appear in the published genome sequence (Table S6).
Collectively, these results identify a well-differentiated sex-determining region located at the end of
LG 24 that was not assembled well in the available genome assembly. Furthermore, the unplaced
scaffold 0213 is likely included in this region, as well as amhby, which showed a strict father-to-son

inheritance pattern.
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In addition to these male-specific non-polymorphic markers, all polymorphic markers were
also aligned to the genome assembly of E. lucius. In total, 6,512 polymorphic markers aligned to the
25 linkage groups and 741 polymorphic markers aligned to unplaced scaffolds. For each aligned
marker, Fst between males and females and probability of association with sex were calculated. The
genome-wide average Fst between males and females was 0.0033. Only two linkage groups had a
higher average Fst between males and females than the genome average: LG2 had an average Fs: of
0.006, and LG24 had an average Fs of 0.025 — more than eight times the average Fs; of the genome. In
concordance with this result, only markers on LG24 showed genome-wide significant association with
the sex phenotype (Figure 6).
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Discussion

Since the discovery of dmrtlbY in the Japanese rice fish (Matsuda et al., 2002; Nanda et al.,
2002), the first teleost master sex determination gene, studies in teleosts have unveiled a dozen novel
genes as master regulators for sex determination (Kikuchi and Hamaguchi 2013; Heule et al., 2014;
Herpin and Schartl, 2015; Pan et al., 2017). Interestingly, many of these master sex determiners belong
to the TGF-S superfamily; to date, this finding has been mostly restricted to the teleosts. The repeated
and independent recruitment of members of the TGF- g family as MSD in the teleosts highlights the
crucial role of TGF-b signaling in the sex determination pathway. In the present study, using genomic,
transcriptional, and functional evidence, we demonstrated that a male-specific duplicate of amh is the
MSD gene in an XX/XY SD system in Esox lucius. We established that this male MSD gene originated
from a lineage specific amh duplication event and was later translocated to the telomeric region of the
proto-Y chromosome. We found that although the sex chromosomes appear morphologically
homomorphic, gradual suppression of recombination occurs along two thirds of their length, reflecting
the differentiation between the X and Y chromosome. Finally, we observed that environmental factors

can override genetic sex determination and distort sex ratio in captive population of E. lucius.

The male-specific duplicate of amh, amhby, is the master sex determination gene
in E. lucius

Among studies identifying novel MSDs in the teleosts, only a few studies provided combined
evidence on the expression, linkage with sex, and functional necessity and sufficiency of the candidate
to support its role in triggering sexual development, most of them in the Oryzias (Matsuda et al., 2002;
Nanda et al., 2002; Matsuda et al., 2003;T. Myosho et al., 2012; Yano et al., 2013; Takehana et al.,
2007; Lietal., 2015).

In this study, results from genotyping and from a genetic map demonstrate the association of
amhby with phenotypic sex and its colocalization with the sex locus. RNA-seq, gPCR and ISH showed
that amhby is expressed in the somatic tissues surrounding the primordial germ cells in the
differentiating testis, thus fulfilling another criterion for being a MSD. Furthermore, knockout of
amhby lead to complete gonadal sex reversal of XY mutants, demonstrating that amhby is necessary
for testicular differentiation. All these independent lines of evidence provide strong confidence in the
MSD role of amhby in E. lucius.
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Amhrll transduces the sex determination signal in Northern pike

The putative receptor of Amh, amhrll, plays a crucial role in the sex-determination pathway in
several teleost species, including Takifugu (Kamiya et al., 2012), Nile tilapia (Li et al., 2015), and
Japanese ricefish (Morinaga et al., 2007). We knocked out the function of this receptor to assess its
importance in the sex-determination pathway in E. lucius. Among GO animals, half of the XY mutants
showed complete sex reversal and produced viable eggs, while the other half developed testis or
intersex gonads. Genotyping results revealed that all GO mutants carried both the wildtype Amhrll
sequence and several different truncated Amhrll sequences that lead to non-functional protein
products. Consequently, this sex-reversal rate could be explained with either of two hypotheses: either
sex-reversal could depend on the location of the cells expressing the wild-type amhrll, or it could
depend on the amount of wild-type product available, thus following a threshold model of amh
signaling (Morinaga et al., 2007; Kamiya et al., 2012). Overall, this experiment showed that Amhrl|
is necessary for testis differentiation in E. lucius, and is thus likely to act early in the sex-determination
pathway.

AMH in teleost sex determination

Studies on vertebrate sex-determination have revealed that all but one known master sex
determiners belong to three protein families known to be involved in sex-differentiation pathways: the
SOX, DMRT, and TGF-g families. In particular, members of the TGF-p family - namely Amh, Gsdf
and Gdf6 - have emerged as “usual suspects” for master sex determiners according to several recent
studies in teleosts (Kikuchi and Hamaguchi, 2013; Heule et al., 2014; Herpin and Schartl, 2015; Pan
etal., 2017). In the Patagonian pejerrey (Odontesthes hatcheri, Hattori et al., 2012) and the Nile tilapia
(Oreochromis niloticus, Li et al., 2015), male-specific duplicates of AMH have been identified and
characterized to function as MSD. In O. bonariensis, a sister species of the Patagonian pejerrey, a
male-specific amhy was found to interact with temperature in determining sex (Yamamoto et al.,
2014); in the ling cod (Ophiodon elongatus), a duplicated male-specific copy of amh has been
identified (Rondeau et al., 2016). More recently, a duplicated copy of amh was found in an
Atheriniformes species, Hypoatherina tsurugae, and is suspected to be involved in male sex
determination (Bej et al., 2017). Our phylogenetic analysis on AMH sequences from several teleost
species revealed that these male-specific AMH duplications are most likely independent events rather
than being the product of shared ancestry. This finding supports the “limited option” hypothesis for
master sex determiners (Graves and Peichel, 2010) and makes AMH duplicates the most frequently
independently recruited master determiners identified so far.
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AMH was first identified in tetrapods, where it plays a role in the regression of Mdllerian ducts
in male embryos, in gonadal development, and in gametogenesis (Josso et al., 2001). Teleost fishes do
not possess Miillerian ducts, but AMH ortholog sequences have been identified in all inspected species.
The function of AMH in the teleosts has been tightly linked to sex determination networks through the
regulation of germ cell maturation and steroidogenesis. In males, AMH has been shown, for instance
in zebrafish, to suppress proliferation and differentiation of type A spermatogonia (Skaar et al., 2011).
In female Nile tilapia, the knockout of amh led to the blockage of oogenesis (M. Li et al., 2015). In
addition, expression of amh has been found to be positively correlated with the expression of genes
conserved in steroidogenesis, such as cypl7, cypll, hsd3-B1, and nr5al (Baron et al., 2005; Vizziano
etal., 2008; Wang and Orban, 2007; Liew et al., 2012). Furthermore, Amh has been shown to suppress
the expression of steroidogenic genes such as star (steroidogenic acute regulatory proteins) and
cypl7al in zebrafish, and knockout of amh was linked to an increase in expression of cypl9al in the
Patagonian pejerrey and the Nile tilapia (Hattori et al., 2012; Li et al., 2015). Finally, it has been
hypothesized that the amh pathway could play a more important role in gonadal sex determination in
non-mammalian vertebrates than in mammalian vertebrates (Smith and Sinclair, 2004; Kikuchi and
Hamaguchi, 2013): in mammals, amh is subject to regulation by sox9 (Arango et al., 1999), but in
rainbow trout (Oncorhynchus mykiss), the amh promoter lacks the putative sox binding sites (Jamin et
al., 2008), and in chicken (Gallus gallus) and the American alligator (Alligator mississippiensis)
expression of amh even precedes expression of sox9. The recurrent presence of amh in sex-
determination pathways, especially in non-mammal vertebrates, could provide one explanation for its
prevalence as the MSD gene in the teleosts.

Among the three teleost species with confirmed amh duplicates as MSD, Esox lucius shows the
highest degree of divergence between sequences of the paralogs. In the Nile tilapia, amhy is almost
identical to the autosomal amh, differing by only one SNP (Li et al., 2015), while in the Patagonian
pejerrey, the shared identity between paralogs ranges from 89.1% to 100% depending on the exon
(Hattori et al., 2012). In E. lucius, amhby and Amha have a higher level of sequence divergence, sharing
74% to 95% identity between corresponding exons and only 68% identity at the protein level. This
higher divergence between amhby and amha could either indicate that the duplication event in E. lucius
is more ancient than in Patagonian pejerrey and in Nile tilapia, or that different selection regimes acted
on these two paralogs in these species. In addition, because of the low divergence between the two
paralogs in the Patagonian pejerrey and the Nile tilapia, the authors attributed the new function of amhy
as the MSD mainly to its novel expression pattern. In E. lucius, amhby also showed a different
expression profile than amha, likely due to a completely different promoter region; however, because
of the divergence between sequences, it is tempting to hypothesize that the two proteins could have
also diverged in their function and in their downstream signaling pathways as well.
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Evolution of the sex chromosomes in E. lucius

The analysis of the genomic neighborhood of both amh duplicates showed that amha is located
on LGO8 in a functional cluster of genes regulating sexual development and cell cycling with conserved
synteny in the teleosts (Overbeek et al., 1999; Pfennig et al., 2015;), while amhby is located in the
telomeric region of LG24 with no other identified genes in its vicinity. These results indicate that amha
is likely to be the ancestral amh copy in E. lucius, and that amhby was translocated to another
chromosome after duplication. This scenario fits the description of a proposed mechanism of sex
chromosome emergence and turnover through gene duplication, translocation and neofunctionalization
(Herpin and Schartl, 2009; Kondo et al., 2009). Following this model, the translocation of a single
copy of amhby into another autosome triggered the formation of proto sex chromosomes.

This mechanism came to light after the discovery of dmrtlbY in the Japanese medaka, which
acquired a pre-existing cis-regulatory element in its promoter through a transposable element (Herpin
et al., 2010). Besides dmrtlbY, the only other well-described case of sex chromosome turnover via
gene duplication, translocation and neofunctionalization is the salmonid sdY gene, which maps to
different linkage groups in different salmonid species. The vagabond nature of sdY is assumed to be
the result of being embedded within a cassette of transposable elements (Yano et al, 2013; Faber-
Hammond et al., 2015; Lubieniecki et al., 2015). In both Japanese medaka and salmonids, transposable
elements facilitated the translocation of the new MSD; it is thus possible that transposable elements
also contributed to the translocation of amhby in E. lucius. We identified some transposable elements
in the promoter region and in the intronic region of amhby, but a better assembly of the region
surrounding amhby is needed to conclude on the role of transposable elements in this translocation.

Interactions between Environmental SD and Genetic SD

In many teleost species, an increase in temperature during development has been linked to an
increase in the expression of amh, eventually resulting in the masculinization of the gonads (Yoshinaga
et al., 2004; Kitano et al., 2007; Fernandino et al., 2008; Yamaguchi and Kitano, 2012;Poonlaphdecha
etal., 2013; Mankiewicz et al., 2013). In particular, in one species of Patagonian pejerrey (Odontesthes
bonariensis), the sex ratio can sway as far as 100% females at low temperature (17°C) and 100% males
at high temperature (29°C), while at an intermediate temperature, phenotypic sex is strongly associated
with the presence of a male-specific amh duplicate (Yamamoto et al., 2014). In its sister species
Odontesthes hatcheri, where amhy is also the MSD, the sex-ratio can also be affected by temperature,
but to a much lesser extent (Hattori et al., 2012). However, in our experiment testing the potential
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effects of temperature on sex determination in E. lucius, we observed close to 100% female to
male sex reversal in XX animals raised in normal temperature as well as in animals raised at elevated
temperature. As a result, we were not able to assess the modulation effect of temperature on sex-
determination; however, it is likely that other environmental stressors in our raising conditions may
have led to sex-reversal in the animals. In fact, various environmental stresses have been found in other
teleost species to stimulate the production of cortisol, which in turn increases the expression of amh,
eventually leading to masculinization of the gonads (van den Hurk and van Oordt, 1985; Bonga, 1997;
Fernandino et al., 2008; Hattori et al., 2009). In our experiment, we observed high levels of
cannibalism in captive pikes as early as three weeks post-fertilization; in their natural habitat, early
migration of E. lucius larvae has been documented as a way to potentially avoid cannibalism (Larsson
et al., 2015; Forsman et al., 2015). Therefore, it is likely that the animals experienced constant
predation stress throughout development, including sex differentiation. We suspect the predation stress
suffered by developing pikes may have been the environmental stimulus that interfered with gonadal
differentiation.
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Conclusion

In this study, we identified a male-specific duplicate of the Anti-Mullerian hormone, that we
called amhby, as the master sex determination gene in the Northern pike (Esox lucius), with evidence
from genomic, expression, cytogenetic, and functional experiments. We also revealed the crucial role
of amhrll in testicular differentiation, highlighting the importance of the amh pathway in sex
differentiation in the teleosts. In addition, we showed the susceptibility of the genetic sex determination
system to environmental perturbations, not just restricted to temperature, in this species. With both
phylogenetic and conserved synteny analysis, we revealed that amhby originated from a lineage-
specific duplication event, and was translocated after duplication to the telomere of LG24. Our results
link the mechanism underlying the birth of the MSD to the pattern of differentiation of the sex
chromosomes and offers insights into the evolutionary process of sex chromosome formation with a
duplicated and inserted MSD.
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Supplementary: Identification of a duplicated and translocated
master sex determination gene provides insight into
homomorphic sex chromosome differentiation in Northern
pike (Esox lucius)
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Figure S1: Normalized RNA-Seq read count for amha, amhby, and amhrll in the libraries of different tissues
of Esox lucius. Data was obtained from the Phylofish database (http:/phylofish.sigenae.org/) and was
normalized by reads per kilobase of sequence per million of reads for each transcript in each library.
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Figure S2 Boxplot showing the first quantile, median, and the third quantile of the temporal expression of gsdf,
dmrtl, cypl9ala and amhrll measured by gPCR. Outliers are displayed as a dot. The logio of relative expression
of MRNA of these four genes were measured at 54, 75, 100, and 125 days post fertilization in male and female
samples of E. lucius. Significance levels of p-value are given for Wilcoxon signed rank test between male and
female expression at each time point: * P <0.05, ** P <0.01, *** P <0.001 and ‘ns’ indicates P > 0.05.
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a mhby Talen 3: TGTTTTAGTAGCGGCCTTATCCACACTAGTAATAGAAGCCAACAAACAGAGACA
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—
Talen 1: TATCCTGCATGTTACTTTTTCTGCCTAGCGTGATAGGCACTGTAACACACCAGGGCA
100bp
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Figure S3: A: Position of TALEN targeting amhby exon 1 and exon 2. B: Position of guide RNAs designed to
target amhrll exon 9.
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Figure S4: Male and female map of LG24 of E. lucius. For each sex, the linkage map in on the left and the
genome assembly on the right, linked by shared markers. Numbers at the left side of the linkage map indicate
cumulative distances in cM and numbers at the left side of the genome assembly indicate the position of a given
marker. The sex locus on the map linkage map is highlighted with orange shading.
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Species name Protein name Sequence accession number
Lepisosteus oculatus Amh XP_015220826.1
Danio rerio Amh NP_001007780.1
Astyanax mexicanus Amh XP_007233319.1
Odontestes hatcheri Amha ABF47515.2
Amhy AHG98063.1
Dicentrachus labrax Amh CAJ78431.1
Haplochromis burtoni Amh XP_005932502.1
Oreochromis aureus Amh ABW98500.1
Amhy ABB69057.1
Esox lucius Amha XP_010870000.1
Oncorhynchus mykiss Amh XP_021459508.1

Table S1: Sequence accession number of Amh protein sequences used to construct teleost Amh phylogeny
from eight teleost species and Spotted gar (Lepisosteus oculatus).
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Primer name Sequence Target gene | Usage
Con_amha_F1 GTCACTATAGGTTGGTTCATC amha Genotyping
Con_amha_R1 CGATTTGCCATTTCAGGTG amha Genotyping
Con_amhby_F1 GTTACTTTTTCTGCCTAGCGTGA amhby Genotyping
Con_amhby R1 GTGATAGGCACTGTAACACACCA amhby Genotyping
Ctrl_Amhrll_F1 GCAACAACACTTGGCAAGTGAACT amhrll Genotyping
Ctrl_Amhrll_R1 TATAAGCCATTCTGTGTTCTGGCAC amhrll Genotyping
amhby_Xhol_ATG_F1 AACTCGAGATGAGGCTGTCGGGTATATCCT amhby Cloning cDNA
amhby_Xbal_Stop_R1 AATCTAGATCAGCGGCATCCACACTTAGTTGC amhby Cloning cDNA
amha_Xhol_ATG_F1 AACTCGAGGCTACCATGAGGCTGTTGCGC amha Cloning cDNA
amha_XbalStop_R1 AATCTAGATCAGCGGCACTCACACTTCGTTGC amha Cloning cDNA
El_bmprla_Xhol_F CTCGAGATGATGGGGCTTCCCTTTTACATG Bmprla Cloning cDNA
El_bmprla_Xbal_R TCTAGATCAAATTTTGATGTCCTGTGATTCACC Bmprla Cloning cDNA
amhrll_bamATG_F1 GGATCCCGGGCAATGTTATGTTGCACTCTGGTT amhrll Cloning cDNA
amhrll_ecoStop R1 GAATTCTCATACGGAGTGACACAGTCGTAG amhrll Cloning cDNA
Probe_amha_F1 ACAACGAAATGTCAAATGCC amha ISH probes
Probe amha R1 T7 GAAATTAATACGACTCACTATAGGGACGGCAGTCGAAGATATTGG | amha ISH probe
Probe_amhby F1 GAAGGAACCAGTGTCATATCCC amhby ISH probe
Probe_amhby R1 T7 GAAATTAATACGACTCACTATAGGGGGATACATCTTGAATTCCTCCA | amhby ISH probe
El(g)dmrtl_For2 CAATACCTGCAACGAGACCA dmrtl gPCR
El(g)dmrtl_Rev2 CTCTACGATGTTCACCAGGGA dmrtl gPCR
El(g)bactinS1 CAGGTCATCACCATCGGCAACGAG B-actin gPCR
El(g)bactinAS1 GCGTACAGGTCCTTACGGATGTCG B-actin gPCR
El(g)eflaS1 AGTCCTCCACCACCGGCCATC Efl-a gPCR
El(q)eflaASl CATCTCAGCGGCTTCCTTCTCG Efl-a gPCR
El(q)gapdhS1 ATCAACGATCCCTTCATTGACCT gapdh gPCR
El(g)gapdhAS1 CATGCTCACCTCACCCTTGTAAC gapdh gPCR
El(q)gsdfS1 ATCTCTCACAACACCCTGGTCAA gsdf gPCR
El(q)gsdfAS1 GACCAGCACTAGTCTCAGGTCCA gsdf gPCR

EI(Q EFTUD1 _F CTGATCCAGGAGACAGGAGAACA eftud gPCR

EI(Q EFTUD1 R TGATCTTGGCAAACCTCTCTCTG eftud gPCR
El(Q)UBR2_F CGACCGACCTCTACAAGGAAGTT ubr2 gPCR
El(QJUBR2_R GTCTTCACTCTGGGGGTTCAAGT ubr2 gPCR
El(gq)CCDC6B_F ATGGAGAACGACACCATCTCAAA ccdcéb gPCR
El(q)CCDC6B_R GCTTCCAGCTTGTCCATTCTTTT ccdcbb gPCR

El(gq) AMH1_For2 TGGATGAAAGAGTGACAGAAAGG amhby gPCR

El(gq) AMH1_Rev2 AGAGAACAACGGGACTGGAG amhby gPCR
El(Q)AMHR2_Forl GGCTACAGATTGTGGGTCAG amhr2 gPCR
El(Q)AMHR2_Revl ACTCCCTTATGCTCCCTTCAG amhr? gPCR
El(g)amh2S1 CGCATATTCTGCTTGTTGTTGTTGCTG amha gPCR
El(g)amh2AS1 GGTCCTCCTGATTCTGGCCTTGTAGG amha gPCR

Table S2: Primers used in different experiments with their names, sequence, target genes and their usage.
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Developmental stage Total number of samples | Number of females | Number of males
54 dpf 10 3 7
75 dpf 10 4 6
100 dpf 10 4 6
125 dpf 10 4 6

Table S3: Number of total samples, female samples and male samples at different developmental stages used
for gPCR. dpf: days post fertilization.

ID Gonadal phenotype | Evidence

83 | Female Viable eggs used in in vitro fertilization for F1
63 | Female Viable eggs used in in vitro fertilization for F1
45 | Female Viable eggs used in in vitro fertilization for F1
22 | Male Spermiation
49 | Female Dissection: Ovary
27 | Male Spermiation

101 | Male Spermiation

2 | Intersex Spermiation, Dissection: Intersex gonads

41 | Undetermined No spermiation
19 | Male Spermiation
35 | Male Spermiation
59 | Female Viable eggs used in in vitro fertilization for F1
94 | Male Spermiation
92 | Male Spermiation
61 | undetermined No spermiation
55 | Female Dissection: Ovary

104 | Male Spermiation
50 | Female Dissection: Ovary

102 | Male Spermiation

Table S4: Animal ID, gonadal phenotype and evidence for gonadal phenotype of 1-year-old Northern Pike with
Crispr-Cas9 amhrll knock-out.
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LG Male map Female map
Number of markers | Total cM Number of markers | Total cM
1 56 84.7 76 68.1
2 38 449 79 74.5
3 51 89.4 38 29.5
4 39 56.4 38 72.1
5 39 57.9 55 78.3
6 15 48.9 35 59.1
7 69 75 82 90.3
8 20 9.1 40 52.6
9 19 40 33 54.3
10 42 58 48 73.7
11 38 52.7 64 99.2
12 45 32.1 35 64.4
13 42 38.7 120 72.7
14 32 53.5 43 56.6
15 53 78.6 43 45.3
16 32 42.4 27 19.3
17 52 36.2 36 51.4
18 28 72.2 39 55.3
19 74 56.5 44 65.5
20 64 91.5 54 712.2
21 23 56.6 25 10.2
22 44 57.8 53 59.2
23 10 10.4 27 20.8
24 42 59.1 36 55.1
25 14 29.6 40 77.4
Total 897 1332.2 1210 1477.1

Table S5. The number of maker and the length of the 25 linkage group of E. lucius male and female.
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ID LG Position | Mapping Quality | Sequence
AGCCTCCTTAGCCTGTGCATTCCTGCACTACCAACCTCCTCTGCCCTCATCCGGACCACA
1184 | LGO8 12863544 41
ACCTCCTCCAGCCTCTGCCTGAGCACCTCCTGCA
TTTAGTGTGTAAGCAACTGGCAAAAACTGTAATGGTCAGAGATCCTGCGGTTCCAGATAC
5188 | LG24 22188065 60
CTGACTGGCAAACAGTGTGATGGATCCACCTGCA
61083 un placed 311242 26 TGCAGGCAGAACAGAGCTGAACATCACTGAAACAAAGAGGATTTATTCTTTGAAAGGAGC
scaffold0213 CAATGCTAAATAATTTACATTTAAATTCCACAAA
7894 un placed 217994 58 TGCAGGTTTAACCACATATGTTGCAAGTTATCATGTTTTCACTACAGGCCTTGACAGCAAA
scaffold0213 ATAATCTCTCAAGAATAAGTTAATTTAAGTAAT
CAAGGGAAGTCAAAGCAGCAAAGAAGATCTATGCTGAAAAACTGGAAAACAAATTCACAG
11743 | LG24 1726883 28
CCAATGACCGCTCGTCGGTGTGGAAAGGCCTGCA
12976 un placed 323835 60 TGCAGGATGAAAAGTTGATGCGGGGCTAGTGAACTGGTGGAGAAGAAACGAGGACCGCT
scaffold0213 ATCTACATTTTCTTTGACGGCCAATATTGCTGTTA
13441 un placed 323745 60 ATTTGAATGGCAAAATGCGCAACATAAATGCTTCATTGTCTGCCATTCTGTCTATGACCAT
scaffold0213 CAATAAGAAAACACTGACTGCTGCTCACCTGCA
14619 un placed 482281 60 TGCAGGACATCATCAAGGCTGAGGAAGAAATAAATGCCTGTTAGGCAGCGTGATTCTGGA
scaffold0213 AAGCGTATATTGTCTGTTTAATTCCTTTAGGTTA
25769 un placed 482191 60 TTCCATTGAGCAAGGCCCCGCTCCACCACATGGGCTCTTGATACAGTGAGAGGAAATTCT
scaffold0213 TCCTCGTTGTTAACAGCAGCAGAGATGGCCTGCA
TGCAGGCGCACCTGCGTGAAGTTTGCCCCCCCACCAACGCAAAACGTCGTCAAACTATG
30707 | LG24 22146752 60
CTCGTTCGTTTGTGCTATGTTTGTGCTGGTTTGTG
26135 un placed 466829 a1 TGCAGGTAGAAAAGTGCTGGATATCACTAAAACAAAAACAGTAAGCATCTTATTATTAAAC
scaffold0213 AGTAAGACACATTTTATTTACTGAAAATGTACA
AGTCCTGCTCAGTTTATATATATGAATCATGTCAGACGTGGTGTCTCTCTCCCCAGTTGGT
29009 | LG24 22146662 60
GTTTGGAGTGTTAAAGTCCCATGTTCTCCTGCA
CAAGCAAGGGTTGGTTCCCTGCAGCACAATATCTAGACAGCCGTTGTCATAACCCCTTAT
6153 | LG24 22199821 60

GTACCAGGCCCTCTATAAGCGGTTATAACCTGCA

Table S6: Mapping of male specific sequences of E. lucius with locus 1D, sequence, mapping score and mapped

linkage group and position on the genome assembly.
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Notes on the chapter “Rise and fall of an ancient master sex determining gene in

the Esociformes”

After the identification of the Northern pike MSD amhby, which showed considerable sequence
divergence compared to its paralog amha, we wanted to determine how conserved this MSD was
among Esociformes. To answer this question, we needed to obtain sexed samples from every species
in the Esociformes to identify potential amhby ortholog sequences and determined the association of
these potential sequences with male phenotype. However, obtaining sexed samples for all these species
turned out to be one of the biggest challenges of this project. As most of Esox species have their
distribution restricted to North America or Asia, we relied on collaborators to obtain the samples. As
a consequence, we usually did not have control over the number of samples and the method of

determination of the sex phenotype of the fishes.
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Abstract

Comparative studies among closely related species have brought important insights on the
evolution and transition of sex determination (SD) systems. In the meantime, the identification of
master sex determining (MSD) genes added additional layers of understanding of the processes and
mechanism involved in the evolution and turnover of SD systems. Here, we surveyed a lineage of
teleosts, the Esociformes (pikes, pickerels and mudminnows), for the orthologs of amhby, a male
specific duplicate of the anti-Mdllerian hormone that was first identified as the MSD gene in the
Northern pike (Esox lucius). We estimated that the duplication event that gave birth to amhby occurred
between 89 and 66 Mya, and that amhby was recruited as the MSD gene between 66 and 56 Mya,
making it the most ancient MSD gene identified in the teleosts to date. We found varying levels of
truncation of this old MSD gene in several lineages within the Esociformes even while the gene
remained significantly associated with male phenotype, suggesting the emergence of a new mechanism
in the function of its protein. In addition, we identified a transition of SD system in the Musky pike
(Esox masquinongy) and in the North American population of the Northern pike (Esox lucius), in which
a rapid and complete loss of the sex locus with amhby occurred within 0.2 million years. Finally, we
investigated the SD system in the Alaska blackfish (Dallia pectoralis), where amhby was lost after the
duplication event, and we found evidence suggesting a potential polygenic SD system in this species.
Collectively, our results constitute the first complete evolutionary history of an MSD gene in a group

of vertebrate, revealing a branching evolutionary fate for an old MSD gene.
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Introduction

Genetic sex determination (GSD) has evolved independently and repeatedly in diverse taxa,
including animals, plants and fungi (Bachtrog et al., 2014; Beukeboom and Perrin, 2014), but the
stability of such systems varies drastically between groups. In mammals and birds, the same sex
determination system has been maintained over a long evolutionary time with conserved master sex
determining genes on the Y or the W chromosome respectively (Fridolfsson et al., 1998; Mank and
Ellegren, 2007; Graves, 2008; Potrzebowski et al., 2008). In stark contrast, teleost fishes display a
wide variety of reproductive strategies and sex determination mechanisms, including unisexuality,
hermaphroditism, mono- or polygenic sex determining mechanisms, and environmental influences
(Devlin and Nagahama, 2002; Mank and Avise, 2009). Moreover, the GSD systems in teleost fishes
are also characterized by a remarkable evolutionary instability, driven by dynamic and rapid sex
chromosome and master sex determining gene turnovers (Kikuchi and Hamaguchi, 2013; Heule et al.,
2014; Herpin and Schartl, 2015; Pan et al., 2017). These properties have made the teleosts an attractive
model group to study the process of sex chromosome formation and the turnover of sex determination

systems.

In the past two decades, the interest in deciphering sex determination mechanisms in teleosts,
facilitated by advances in genomics tools, led to the discovery of a diversity of master sex
determination genes (MSD). Incorporating knowledge from these new teleost MSDs, two mechanisms
were formulated to describe how the birth of MSD genes can drive sex chromosome turnover in
vertebrates: in one mechanism, the birth of a new sex chromosome starts with allelic diversification,
while in the other, it starts with gene duplication and translocation of the duplicate to the future sex
chromosome, with subsequent neo-functionalization leading to the MSD role (Kikuchi and
Hamaguchi, 2013; Heule et al., 2014; Herpin and Schartl, 2015; Pan et al., 2017). Teleost MSDs also
provided empirical support for the “limited option” hypothesis which states that certain genes,
especially those from the SOX, DMRT and TGF-f protein families that are known to be implicated in
the sex differentiation pathways, are more likely to be recruited as new sex determiners and eventually
cause turnover of sex chromosomes (Graves and Peichel, 2010; Kikuchi and Hamaguchi, 2013; Heule
et al., 2014; Herpin and Schartl, 2015; Pan et al., 2017). However, the majority of these recently
discovered MSDs were found in diverse teleost clades, making it challenging to infer evolutionary

patterns and conserved themes in sex chromosomes turnover.
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Comparative studies on closely related species with transition of sex determination systems can
thus provide valuable insight on the causes and processes of this turnover (Kikuchi and Hamaguchi,
2013). This approach has been applied to several teleost groups, such as the medakas (Oryzias sp.),
the Poeciliids, the Tilapiine cichlids, the Salmonids, and the sticklebacks, in which different sex
determination systems or sex chromosomes were found even in closely related species (Cnaani et al.,
2008; Kondo et al., 2009; Schultheis et al., 2009; Ross et al., 2009; Yano et al., 2013). However, even
in these studies, MSDs have only been identified in a few species of the same family in Oryzias and

salmonids.

Three MSDs have already been identified in the Oryzias group: dmy/dmrtlbY in Oryzias latipes
(Matsuda et al., 2002; Nanda et al., 2002), Sox3" in Oryzias dancena (Takehana et al., 2014) and Gsdf"
in O. luzonensis (Myosho et al., 2012). The identification of these MSDs has brought new insights on
the genetic regulation underlying sex chromosomes turnover. In Oryzias, it was postulated that a
change in the regulation of a gene located downstream from the MSD gene in the sex differentiation
cascade could cause this gene to replace the existing MSD gene (Myosho et al., 2012). Studies in this
group also revealed concomitant change in the downstream gonadal gene-regulatory network during
the transition of MSD gene (Takehana et al., 2014). In salmonids, although only one conserved MSD,
sdY, was identified (Yano et al., 2012, 2013), the sex locus was mapped to different chromosomes in
different species (Davidson et al., 2009), providing support for a jumping MSD relocating itself across
the genome with the help of transposable elements (Faber-Hammond et al., 2015; Lubieniecki et al.,
2015). Interestingly, the transition of SD systems in Oryzias and in Salmonids was powered by two
very different mechanisms. These examples illustrate that the identification of the MSD gene and its
genetic regulation can add a crucial layer to our understanding of the genomic changes associated with
SD system turnover mechanisms. Furthermore, they revealed the need for more detailed comparative
studies linking MSDs and sex chromosomes to identify conserved patterns in the dynamic evolution
of SD systems.

Nascent sex chromosomes have attracted a lot of research interest, as they are excellent models
to test theoretical work on sex chromosome evolution, for instance suppression of recombination,
accumulation of deleterious elements, and sexual antagonistic selection (Bachtrog and Charlesworth,
2002; Peichel et al., 2004; Hobza et al., 2006; Kondo et al., 2006; Bachtrog et al., 2008; Stdck et al.,
2011). The rapid turnover of sex determination systems in the teleosts provides many opportunities to
study these nascent sex chromosomes, as many fish species harbor relatively young sex chromosomes
(Mank and Avise, 2009; Kikuchi and Hamaguchi, 2013; Heule et al., 2014).
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In comparison, other consequences of the rapid turnover of sex determination systems have
been neglected, for instance the process of obsolete sex chromosomes reverting to autosome and the
potential degeneration of old MSD genes. Among teleost fishes, the case of degenerating an old MSD
has only been discussed in O. luzonensis, in which gsdf' was identified as the MSD gene and a
pseudogene homologous to the ancestral MSD dmy/dmrtlbY was also found (Kondo et al., 2006).
However, because the precise origin of this pseudogene was not found (Tanaka et al., 2007), the
degeneration of the former MSD gene was not further investigated. The paucity of studies on the fate
of former MSD genes is likely due to the difficulty in identifying ancestral sex chromosomes and
ancestral MSDs; therefore, there is a need for groups of species in which the ancestral state of sex
determination can be precisely inferred in order to fill these knowledge gaps on sex chromosome

evolution.

The Esociformes constitute a small, monophyletic order of teleost fishes, which diverged from
its sister clade Salmoniformes about 113 million years ago (Mya) (Campbell et al., 2013). The order
Esociformes contains two families, Esocidae (Esox, Dallia and Novumbra) and Umbridae (Umbra),
which diverged from a common ancestor about 89 Mya (Campbell et al., 2013). In one of the most
well-known Esociformes, the Northern pike (Esox lucius) we identified a male-specific copy of the
Anti-Mdllerian hormone, named amhby, as the male MSD gene. In contrast to other known fish MSDs
that evolved from an amh duplication event (Hattori et al., 2012; M. Li et al., 2015), Northern pike
amhby differs substantially from its amh paralog, which suggests the duplication event occurred a long
time ago. As a result, it was interesting to verify whether this amhby ortholog was also present in other
Esociformes species, and if it was, whether it conserved its function as a MSD gene. The relatively
small number of species within the Esociformes provided a rare opportunity to comprehensively study

the evolution of sex determination systems in a monophyletic group of vertebrates.

In this study, we surveyed all 10 species of the Esocidae as well as one species of the Umbridae
to trace the evolutionary trajectory of the master sex determining gene (amhby) previously identified
in the Northern pike. We estimated that the duplication event of amh took place between 89 and 66
Mya in a common ancestor of the Esocidae, and that amhby was recruited as the MSD gene between
66 and 56 Mya prior to the divergence of the genera Esox and Novumbra. This old MSD showed
different level of truncation in the Chain pickerel (Esox niger) and the Olympic mudminnow
(Novumbra hubbsi), but remained significantly associated with the male phenotype in both species. In
contrast, we found a dissociation of amhby with the male phenotype in the Musky pike (Esox

masquinongy), suggesting a potential transition of MSD gene in this species.
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. Number Number - Samples .
Species Number of females  of males Sample origin collector Experiment
. genotyping
Esox lucius 124 62 62 Quebec, Canada Bernatchez, L. RAD-Seq
British Colombia, Koop, B. & .
20 - 6 Canada Rondeau, E. genotyping
Koop, B. & .
10 7 3 New Jerseys, USA Rondeau, E. genotyping
. Koop, B. & .
8 5 3 Manitoba, Canada Rondeau. E. genotyping
. genotyping
EZOSX Linon 40 20 20 = Lé‘;ﬁ:;;"’er' Bernatchez, L RAD-Seq
q ay genome
genotyping
49 27 22 Great Lakes Goetz, R. RAD-Seq
96 48 48 Michigan Larson, W.A. genotyping
Bernatchez, L.,
Esox niger 13 5 8 Quebec, Canada Perreault- genotyping
Payette, A.
. . The P Delta, Italy Denys, G.P., .
Esox cisalpinus 2 1 1 Delmastro, G. genotyping
Esox Eyre, Charente and .
aquitanicus 3 1 2 Adour river, France Denys, G.P. genotyping
Esox reichertii 4 2 2 China Chen, S. genotyping
Esox Sample used in
americanus 10 N.A. N.A. Ouellet-Cauchon et Bernatchez, L. genotyping
americanus al., 2014
Esox Sample used in
americanus 10 N.A. N.A. Ouellet-Cauchon et Bernatchez, L. genotyping
vermiculatus al., 2014
. . enotyping
Novumbra Olympic National g
hubbsi 50 26 24 park, WA, USA Tabor, R. RAD-Seq
genome
. . Postlethwait, genotyping
Dallia _ 60 30 30 Rabbit Slough, IH & RAD-Seq
pectoralis AK,USA .
von Hippel, F. genome

Table 1: Origins and number of the samples of the Esociformes used in this study.
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More surprisingly, we identified a complete loss of the sex locus, including amhby, in the North
American population of the Northern pike within a short evolutionary time of 0.2 million years.
Finally, we investigated the SD system in the Alaska blackfish (Dallia pectoralis), where amhby was
lost in the genome after its duplication, and found evidence of a potential polygenic SD system.
Overall, our results allowed us to trace the evolution of sex determination systems in the Esociformes
starting from one identified MSD. Our results highlight the diversity of evolutionary fates that a single

MSD can experience in a monophyletic group of vertebrates.

Material and Methods

Origins of the samples

Information on the animals used in this study can be found in Table 1.

Genomic DNA (gDNA) extraction

All fin clips were collected and stored at 4°c in 75-100% ethanol until DNA extraction. Two
DNA extraction protocols were used depending on the subsequent procedures. For genotyping,
samples were lysed with 5% Chelex and 25 mg of Proteinase K at 55°C for 2 hours, followed by
incubation at 99°C for 10 minutes. After brief centrifugation, the supernatant containing the genomic
DNA was transferred to clean tubes without the Chelex beads (Gharbi et al., 2006). For sequencing
preparation, DNA extraction was performed using NucleoSpin Kits for Tissue (Macherey-Nagel,
Duren, Germany) following the producer’s protocol. When using this protocol, DNA concentration
was quantified with a NanoDrop ND2000 spectrophotometer (Thermo scientific, Wilmington,
Delaware). Primers for genotyping were designed using PerlPrimer (version 1.1.21, (Marshall, 2004).

The primer sequences and corresponding experiments can be found in Table S1.
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Genome sequencing and assembly

The genomes of the Northern pike (Esox lucius), muskellunge (Esox masquinongy), chain
pickerel (Esox niger), the Olympic mudminnow (Novumbra hubbsi), and the Alaska blackfish (Dallia
pectoralis) were sequenced using a whole genome shotgun strategy with short Illumina reads. Libraries
were built using the Truseq nano kit (Illumina, ref. FC-121-4001) following the instruction from the
manufacturer. 200 ng of gDNA was briefly sonicated using a Bioruptor (Diagneode). The DNA was
end-repaired and size-selected on beads to retain fragments of size around 550 bp, and these fragments
were a-tailed and ligated to Illumina’s adapter. The ligated DNA was then subjected to 8 PCR cycles.
Libraries were checked on a Fragment Analyzer (AATI) and quantified by qPCR using a Library
quantification kit from KAPA. The libraries were sequenced on a Hiseq2500 using a paired end 2x250
nt v2 rapid mode according to the manufacturer’s instruction. Image analysis was performed by the

HiSeq Control Software and base calling by the RTA software provided by Illumina

Raw sequencing reads were assembled using the DISCOVAR de novo software (Weisenfeld
et al, 2014) with the following assembly parameters: MAX MEM_GB=256,
MEMORY_CHECK=False, and NUM_THREADS=16. The resulting assembly metrics were
calculated with the assemblathon_stats.pl script (Earl et al., 2011) and are given in Table S4.

Sequencing of amha and amhby sequences

The orthologous sequences of E. lucius amha and amhby were first PCR amplified from the
gDNA of different species of Esociformes with primers designed on the amha and amhby sequences
of E. lucius. When the amplification was successful, the PCR products were purified using a
NucleoSpin Gel and a PCR Clean-up Kit (Macherey-Nagel, Duren, Germany) and then sequenced
directly by Sanger sequencing (Eurofins, France) using the same PCR primers. Based on these first
partial sequences of amha and amhby obtained from different species, additional conserved primers
were designed based on an alignment of amha and amhby sequences, and species specific primers were
also designed. The partial sequences for each species were assembled with the CAP3 program (Huang
and Madan, 1999). All primers used in this study were designed using Perl-Primer (Marshall, 2004).
The primers used to amplify amha and amhby sequences in Esociformes are listed in Table S3.
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Gene phylogeny analysis

Phylogenetic reconstructions were performed on all amha and amhby sequences obtained
from Esociformes, with the exception of E. niger amhby that was excluded from this analysis because
no clear consensus sequence could be deduced from the different sequences obtained in this species.
The amh sequence from Salmo salar was used as an outgroup. Full-length cDNA sequences were
predicted with the FGENESH+ suite based on the genomic sequences and were aligned using Clustal
X (version 1.2.4, Sievers et al., 2011) with all settings set to default. The suitable substitution model,
HKY+G, was determined using JModelTest (version 2.1.4, Darriba et al.,, 2012). Phylogenetic
analyses were performed using the Bayesian method implemented in MrBayes with 500,000 MCMC
generations (version 3.2, Huelsenbeck and Ronquist, 2001; Ronquist et al., 2012), and using the
Maximum likelihood method implemented in phyML with 1,000 bootstrap resampling replicates
(version 3.0, Guindon et al., 2010). An additional phylogenetic tree was constructed with the protein
sequences of Amha and Amhby using the Maximum likelihood method (Figure S1). The resulting
phylogenetic trees were rooted with the Amh protein sequence from Salmo salar and visualized with

Figtree (version 1.4.1).

Positive selection analysis

The ratio of non-synonymous to synonymous substitutions (dN/dS = w) among amha and
amhby ortholog sequences was estimated using PALM (version 4.7, Yang, 2007) based on aligned full
length cDNA sequences, and the phylogeny obtained with the Bayesian method was used in the
analysis. E. niger and N. hubbsi were excluded from this analysis due to the truncation of their amhby
ortholog sequences. First, a relative rate test on amino-acid substitution (Hughes, 1994) was performed
between amha and amhby pairs with the amh of U. pygmaea used as an outgroup sequence: for each
species with amh duplication, w was calculated between the amha ortholog and amh of U. pygmaea,
and was compared to the w calculated between the amhby ortholog and amh of U. pygmaea. A
Wilcoxon test was used to compare the resulting w values for the amh paralogs of these species. Then,
several branch and site models (M0, M1a, M2a, M7, M8, free-ratio, and branch-site) implemented in
the CODEML package were fitted to the obtained data. The goodness of fit of these models was
compared using the likelihood ratio test implemented in PALM.
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Restriction Site Associated DNA (RAD) Sequencing applied to Sex determination
(RADSex)

RAD-Sequencing (RAD-Seq) was done on the North American population of E. lucius, on
E. masquinongy, on N. hubbsi, and on D. pectoralis. RAD libraries were constructed from genomic
DNA extracted from fin clips for each species according to standard protocols, using a single Sbfl
restriction enzyme (Amores et al., 2011). These libraries were sequenced on one lane of Illumina
HiSeq 2500 for each species. Raw reads were analyzed with stacks version 1.44 (Catchen et al., 2011;
Catchen et al., 2013). Quality control and demultiplexing of the raw reads were performed with the
process_radtags.pl wrapper script with all settings set to default. For all species, RAD-Seq reads were
analyzed with a custom RADSex analysis pipeline (Feron et al., in prep) in order to analyze both
polymorphic and non-polymorphic markers, including potentially hemizygous markers. In this
analysis, demultiplexed reads were grouped into stacks using the denovo_map.pl wrapper script with
minimum number of reads to form a stack set to 10 (m=10), maximum number of mismatches allowed
when forming stacks in one individual set to 0 (M=0), maximum number of mismatches allowed when
merging stacks in the catalog set to 0 (N=0), gapped assembly deactivated (--gapped not set), calling
haplotypes from secondary reads disabled (H not set), ustacks max locus per stack set to 1 (--
max_locus_stacks=1), and ustacks lumberjack step deactivated (--keep_high_cov set). These
parameter values ensured that each stack represented a single allele (or haplotype) from a single locus.
The distribution of haplotypes between males and females was calculated using a custom pipeline, and
results were presented in a heatmap with number of males in which a haplotype is present as abscissa
(x-axis), number of females in which a haplotype is present as ordinate (y-axis), and number of
haplotypes present in x males and y females as color of the tile at coordinates (x, y). For each
combination of number of males and number of females in which a haplotype is present, probability
of association with sex was estimated with a chi-square test, applying Bonferroni correction.

For the North American population of E. lucius, for which an assembled genome anchored to
linkage groups (LGs) was available (Elu_V3, GenBank assembly accession: GCA 000721915.3),
demultiplexed reads were mapped to the genome using BWA (version 0.7.12, Li and Durbin, 2015)
with all settings set to default. The resulting BAM-files were run through the ref_map.pl pipeline, with
a minimum stack depth of 10 (m=10) and all other settings set to default. The results of ref_map.pl
were analyzed with the populations program, using the --fstats setting to obtain population genetics

statistics between sexes.
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amh Umbra pygmaea

amha E. cisalpinus
amha E. reichertii

amha E. aquitanicus
amha E. masquinongy

amha E. americanus americanus

amha E. niger
amha E. americanus vermiculatus

amha N. hubbsi
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Figure 1: Phylogenetic reconstruction of amha and amhby orthologs from the Esociformes with amh sequence
from Salmo salar as an outgroup. A: Phylogeny tree build with the Bayesian method and B: Phylogeny tree
build with the Maximum likelihood method. Bootstrap values are given on each nod of the tree. amha ortholog
cluster is highlighted with yellow dotted lines and amhby ortholog cluster is highlighted with blue dotted
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Fisher’s exact test was calculated on all polymorphic sites using Plink (version 1.90b4.6 64-bit,
Renteria, et al, 2013) to estimate association between variants and phenotypic sex. A Manhattan plot
was constructed using a custom R script, showing -logio (Fisher’s test p-value) for all LGs of the E.

lucius genome.

Pooled-Sequencing (Pool-Seq) to analyze sex determination

In D. pectoralis, pooled sequencing (Futschik and Schlttterer, 2010) data was obtained to
increase the resolution of detection of sex-specific signal. DNA from 20 males and 20 females was
extracted with a NucleoSpin Kit for Tissue (Macherey-Nagel, Duren, Germany) following to the
producer’s instructions. DNA concentration was quantified using a Qubit dsSDNA HS Assay Kits
(Invitrogen, Carlsbad, CA) with a Qubit3 fluorometer (Invitrogen, Carlsbad, CA). DNA from different
samples were normalized to the same quantity before pooling for male and female libraries separately.
Libraries were constructed using a Truseq nano kit (Illumina, ref. FC-121-4001) following the
manufacturer’s instructions. For each sex, the library was then sequenced in a 250 bp paired-end format

in an Hlumina HiSeq2500.

Pool-Seq reads from D. pectoralis were mapped to the amhby sequence of E. lucius using BWA
(version 0.7.12, Li and Durbin, 2009) with all settings set default. Mapped reads were extracted with
samtools (version 1.3.1, Li et al., 2009) and remapped to a reference containing both amha and amhby
sequences of E. lucius. When reads were mapped to a different position in each analysis, mapping
scores were used to determine the origin of the read.
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0.18-0.26 Mya; — Esox lucius EU

— Esox lucius NA

Esox aquitanicus

4.66 Mya *

Esox cisalpinus

45 Mya **

Esox reichertii

Esox masquinongy

Esox niger

56 Mya **

Esox americanus americanus

66 Mya **

Esox americanus vermiculatus

89 Mya ** N Novumbra hubbsi

106 Mya ** Dallia pectoralis

Umbra pygmaea

Salmo salar

Figure 2: Taxonomy and divergence time estimation of the Esociformes. Taxonomical relationship among the
Esociformes analyzed in this studies was retrieved from literature and presented as a cladogram. Estimated
divergence times are listed on the left side of the node.

*: Skog et al., 2014
**: Campbell et al., 2013.
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Results

amhby is the result of an old gene duplication

The male specific duplication of amh, amhby, was first identified in several European
populations of Esox lucius (Pan et al., in prep). To study its evolution within the Esociformes, samples
were collected in populations of E. lucius from North America as well as from the six other species
belonging to the genus Esox, the monotypic genus Novumbra, from one species belonging to the genus

Dallia, and one species belonging to the genus Umbra.

Orthologs of amha and amhby paralogs were characterized using PCR cloning and sequencing
(Table 2) and from draft genomes (Table S2). An ortholog of amhby was identified in all Esox species,
with the notable exception of the North American population of E. lucius, and in N. hubbsi, while in
D. pectoralis and in U. pygmaea, amhby was not found neither by homology cloning nor by genome
analysis. Furthermore, the amhby ortholog was found to be truncated in N. hubbsi, E. niger and E.
masquinongy (Figure S2). In N. hubbsi, the exon 1 coding sequence was missing, resulting in a
truncated Amhby predicted protein lacking the first 55 amino acids. In E. niger, two amhby alleles of
different lengths were identified in different individuals, and the coding sequence of exon 1 as well as
part of the TGF-£ domain were missing from both sequences. In E. masquinongy, two amhby alleles
were also identified, sometimes even coexisting within the same individual. The predicted protein
sequences from these two amhby alleles shared 99.2% identity and 99.6% similarity, and the first

conserved cysteine of the TGF-p domain was missing in both proteins.

To better understand the evolution of amh duplicates in the Esociformes, two phylogenies of
amha and amhby were constructed using either a Bayesian method or a Maximum likelihood method
with the HKY+G model (Figure 1). These phylogenies show that most amha orthologs cluster in a
well-supported group containing all Esocidae species (Esox, Dallia and Novumbra), and that all amhby
orthologs cluster in a separate well-supported group. The topology within the cluster of amhby
orthologs is in complete agreement with the Esociformes taxonomy (Figure 2). The general topology
within the cluster of amha orthologs agreed with the Esociformes taxonomy, with two poorly supported
branches within clusters of closely related species. The amh sequence of U. pygmaea was always
placed outside of the amha and amhby clusters, indicating that the divergence of the Umbridae most
likely occurred before the duplication of amh. This finding is in agreement with the fact that no amhby

was found in the genome of U. pygmaea.
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. Number of Number of  Association
Multiple Male Female amhby | ith  females with  signifi
opulations samples  samples presence males wit emales with significance
P amhby amhby level
Esox lucius
(North American) Yes (4) 88 74 No 0 0 N.A.
Esox aquitanicus No 1 2 Yes 1 0 N.S.
Esox cisalpinus No 1 1 Yes 1 0 N.S.
Esox reichertii No 2 2 Yes 2 0 N.S.
Esox masquinongy* Yes (3) 95 90 Yes 82 25 B
(truncated)
. Yes -
Esox niger No 5 8 (truncated) 5 0
Esox_amerlcanus No 10 unsexed samples Yes Unknown Unknown N.A.
americanus
Esox_amerlcanus No 10 unsexed samples Yes Unknown Unknown N.A
vermiculatus
Novumbra hubbsi Yes 23 22 e 21 1 Lx g
(truncated)
Dallia pectoralis No 30 30 No N.A N.A N.A.
Umbra pygmaea No 31 31 No N.A N.A N.A.

Table 2: summary of the identification of amhby ortholog and their association with sex phenotype in 11
species of the Esociformes. Truncation of the obtained sequences was noted. Significance level of p value
from chi-squared test on the association between amhby ortholog and sex phenotype is also listed in the table:
*P<0.05,** P<0.01, *** P <0.001

#: In E. masquinongy, amhby ortholog showed overall significantly association with male phenotypes,

however, it was not tested true for every population surveyed for this species.
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In contrast, the amh sequence found in D. pectoralis was placed within the amha orthologs cluster
with a significant bootstrap value, strongly indicating that this sequence is orthologous to amha. As
amhby was neither detected in the draft genome nor in the Pool-Seq analysis performed in this
species, this result indicates that the duplication of amh occurred before the divergence of Dallia
from the rest of the Esocidae and that amhby was subsequently lost in this genus. Taken together and
combined with a time-calibrated phylogeny of the Esociformes (Campbell et al., 2013), these results
suggest that the duplication of amh which gave rise to amhby occurred 65 to 88 Mya, after the
divergence of the Esocidae from the Umbridae (Figure 2).

To compare selection pressure between amha and amhby orthologs, dN/dS ratios were
computed between each ortholog sequence and the amh sequence of U. pygmaea, which was found to
have diverged from the other Esociformes prior to the duplication of amh. Sequences from E. niger
and N. hubbsi were excluded as their amhby orthologs were substantially shorter and could introduce
bias in the analysis. The resulting (Table 3) dN/dS ratios were not significantly different between the
two amh paralogs, with a mean of 0.378 for amha and a mean of 0.376 for amhby (Wilcoxon signed-
ranked test p=0.9015). In order to identify potential positive selection signal on specific sites, several
site models allowing different dN/dS ratios among sites were used. However, none of these alternative
models fitted the data better than the null model, which allowed a single dN/dS for all sites and all
branches in the gene phylogenetic tree of amh orthologs (Table S3). In summary, no evidence for
positive selection was detected on neither amha nor amhby orthologs, and the paralog pair experienced

overall similar selection pressure.

amhby was recruited as a MSD gene early during its evolution but experienced
some independent declines and losses

With the exception of the North American population of E. lucius, in which amhby was not
found, and E. masquinongy, in which amhby association with male phenotype was found to be variable
between populations, a clear linkage was found between male phenotype and the presence of amhby
in all species investigated. This sex linkage was significant in the European population of E. lucius, in
two populations of E. masquinongy, in E. niger, and in N. hubbsi. It was supported but not significant
due to low sample size in E. reichertii, in E. cisalpinus, and in E. aquitanicus (Table 4 and
Supplementary data 1). These results suggest that amhby likely gained its role as a MSD gene quite

early after its birth from the duplication of an autosomal amh gene.
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Association between markers and sex phenotypes
in a Canadian population of E. /ucius
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Figure 3: marker association with sex phenotypes in a North American population of E. lucius. A: Manhattan
plot representation of polymorphic markers association with sex phenotypes among the 25 linkage groups of E.
lucius. B: Heat map of the distribution of markers between males and females from the RADSex pipeline.
Positions that show significant association with sex are highlighted with the black outline on the lower right
corner and upper left corner for male and female respectively. The intensity of the color corresponds to the
number of markers
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Although a complete sex linkage of amhby was previously found in European populations of
E. lucius (Pan et al., in prep.), amhby could not be amplified in any sample from several North
American populations of E. lucius, neither with primers designed specifically on E. lucius amhby nor
with primers anchored on regions with high conservation among different amhby orthologs from
several Esociformes species. In addition, none of the numerous male specific sequences identified in
the European population, including amhby (Pan et al., in prep), could be mapped to the North
American E. lucius genome assembly (Rondeau et al., 2014), which is referenced as a male genome.
These results show that all North American E. lucius populations lost the entire male specific region

on the Y chromosome found in the European populations, including amhby.

In order to identify a potential new sex locus and a potential new MSD in these North American
E. lucius populations, a genome-wide association analysis was performed using RAD-Seq data for 30
males and 30 females. In total, 11,227 polymorphic markers were found and were mapped to the
genome assembly. Among these markers, only 35 showed a non-zero Fst between male and female
populations and none of them was significantly associated with sex (Figure 3A). In order to include
both polymorphic and non-polymorphic markers in the analysis, including potentially hemizygous
markers, the data were analyzed again using the RADSex pipeline (Feron et al., in prep). The
distribution of markers between the two sexes is presented in Figure 3B. None of the RAD-Seq
markers from this analysis showed significant association with sex, confirming the complete absence
of sex-associated signal, at least within the resolution of the RAD-Sequencing approach (around one
pair of markers every 52 kb, deduced from the number of Sbf1 restriction sites found in the genome of

E. lucius).

In E. masquinongy, genotyping revealed different frequencies of males and females carrying
amhby in different populations, and even some animals carrying two copies of amhby (Table 2). To
understand the origin of these differences, RADSeq data was generated for 25 males and 28 females
from a Great lakes population and for 20 males and 20 females from a Canadian population, and each
population was analyzed separately using the RADSex pipeline. In the Great lakes population, 11
markers were significantly associated with male phenotype, and no marker was significantly associated
with female phenotype, indicating an XX/XY sex determination system (Figure 4A). In contrast, no
marker showed significant association with either sex in the Canadian population (Figure 4B). The 11
markers significantly associated with male phenotype were mapped to the genome assembly of E.
lucius, but none of the markers was uniquely mapped. In addition, when mapped to our draft genomes
of E. masquinongy, 4 of the 11 markers mapped perfectly on the male genome but mapped with

multiple positions and/or with a 2 bp gap on the female genome.
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w (comparing with U. pygmaea amh)

Species amha ortholog amhby ortholog
D. pectoralis 0.37 NA

N. hubbsi 0.4301 truncated

E. niger 0.3732 truncated

E. americanus americanus 0.3826 0.3579

E. americanus vermiculatus 0.3933 0.3561

E. masquinongy 0.3877 0.3808 & 0.3857
E. reichertii 0.3786 0.3797

E. aquitanicus 0.3706 0.3848

E. cisalpinus 0.3629 0.3876

E. lucius 0.3678 0.3804

Table 3: w value between the amh paralogs in different Esociformes and amh ortholog of U. pygmaea.

Population Males with amhby Females with amhby P
Canada (St. Laurent river) \ 9/20 (45%) 4/20 (20%) 0.177
Great Lakes 27/27 (100%) 4/22 (18%) 2.01E-08

Michigan | 46/48 (96%) 20/48 (42%) 2.91E-07

Table 4: Proportion of males and females carrying amhby ortholog in three populations of E. masquinongy. P
value from chi-squared test on the association between amhby ortholog and sex phenotype is also listed in the
table.
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The remaining markers were either not mapped (N=2), or were mapped to multiple positions with
mismatches on both male and female genomes (N=5). The size of the four male genomic contigs hit
by the perfectly mapped markers ranged from 382 to 2,403 bp, and none of these four contigs could
be mapped on the E. lucius genome.

What is the sex determination system in D. pectoralis, a species that lost amhby?

RADSeq data was generated for 30 males and 30 females D. pectoralis and analyzed using the
RADSex pipeline. Intriguingly, both markers significantly associated with male phenotype and
markers significantly associated with female phenotype were found (Figure 5). Two of these markers
were found in 28 males (93%) and 4 females (13%), and one additional marker was found in 28 males
(93%) and 6 females (20%). One marker was found in 28 females (93%) and 11 males (37%), and
another marker was found in 25 females (83%) and 3 males (10%). Two of the significantly male-
associated markers were mapped on the same contig in the genome assembly of a male individual.
However, this contig is only 1,193 bp in length and did not contain any protein coding sequence, nor
did it show any homology with sequences from the genome of E. lucius. Overall, these results do not
support a simple monofactorial sex determining system, and suggest sex-determination in D. pectoralis

could be polygenic.

Discussion

A male-specific copy of the anti-mdillerian hormone, named amhby, was recently identified as
the male MSD gene in the Northern pike, E. lucius (Pan et al., in prep.). In contrast to other known
fish MSD genes that evolved from a duplication of amh (Hatorri et al., 2012, Li et al., 2015), the
Northern pike amhby diverged substantially from its autosomal counterpart amha, suggesting a long
divergence time since its duplication. In agreement with this idea, we identified amhby orthologs in all
species from the genera Esox and Novumbra. Phylogenetic reconstruction of the evolution of amha
and amhby showed that the duplication of amh took place prior to the divergence of the genera Dallia,

Esox and Novumbra but after the divergence of the genus Umbra from the rest of the Esociformes.
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Figure 4: Heat map of markers shared by males and females of two populations of E. masquinongy from the
RADSex pipeline. Positions that show significant association with sex are highlighted with the black outline on
the lower right corner and upper left corner for male and female respectively. The intensity of the color
corresponds to the number of markers.
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Figure 5: Heat map of markers shared by 28 males and 28 females of D. pectoralis from the RADSex pipeline.
Positions that show significant association with sex are highlighted with the black outline on the lower right
corner and upper left corner for male and female respectively. The intensity of the color corresponds to the
number of markers.
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Combined with a time-calibrated phylogeny of the Esociformes (Campbell et al., 2013), these results
suggest that the duplication of amh occurred between 65 and 90 Mya. However, amhby was not found
in D. pectoralis; as gene loss was hypothesized to be the most common fate for duplicated genes
(Conant and Wolfe, 2008), the simplest hypothesis would then be that amhby was quickly lost in the

genus Dallia after its divergence from the rest of the Esocidae.

Knowing that amhby originated from an old duplication, the following task was then to
determine the timing of its recruitment as a MSD gene. Genotyping on sexed samples showed
significant association between the presence of amhby and the male phenotype in all Esocidae species
in which amhby was found, supporting the hypothesis that amhby was recruited as a MSD gene after
prior to the divergence of the Novumbra and Esox genera, around 56 Mya (Campbell et al., 2013). The
alternative hypothesis would be that amhby was recruited around 66 Mya in the common ancestor of
the Esocidae, and was subsequently lost in the Dallia genus. Either scenario would make amhby the

most ancient MSD gene identified in the teleosts to date.

As amhby acquired its MSD function through duplication and subsequent neofunctionalization,
its evolution is expected to have first gone through a relaxation of purifying selection post-duplication,
which enabled the acquisition of its new MSD function. It would then experience positive selection to
optimize its newly acquired function, before its evolution became constrained by purifying selection
(Ohno, 1970; Kimura and Ohta, 1974; Hughes, 1994; Conant and Wolfe, 2008). Comparison of the
molecular evolution rates between amhby and amha orthologs did not show any signature of positive
selection on amhby. Instead, we found that both amhby and amha experienced similar purifying
selection on all sites and in all species. This absence of signature of post-duplication relaxation of
purifying selection or of directional selection suggests that during the majority of its life span, amhby
experienced a purifying selection similar to its paralogous gene amha, which preserved the ancestral
function of amh after the duplication. In light of the fact that amhby is associated with male phenotype
in the majority of the Esocidae, this result suggests that amhby evolved its MSD function early after
the duplication event in the Esocidae. It is worth noting that the amhby truncated sequences in E. niger
and in N. hubbsi were not included in this analysis, and thus the onset of purifying selection within the
Esociformes lineage cannot be precisely inferred from our analysis. Furthermore, only coding
sequences were included, while selection could equally occur in the regulatory regions (Force et al.,
1999). Comparing molecular evolution rates on regulatory regions of amhby orthologs could have
complemented our analysis, but the combination of substantially fragmented draft genomes and the
complexity of determining the exact range of these regulatory regions prevented us from using this

approach.
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Ortholog sequences of amhby with different levels of truncation compared to the sequence of
Esox lucius amhby were found in N. hubbsi, E. masquinongy, and E. niger. Such truncations of the
Amh protein sequence could lead to defects in its function and even to a complete loss of function.
However, an amh duplicate lacking exon Il and exon I1I has been identified as a strong candidate for
MSD gene in cobaltcap silverside (Hypoatherina tsurugae), indicating that male specific amh
duplicates could maintain their function as MSD gene even after deep structural modification (Bej et
al., 2017).

In N. hubbsi, the Amhby protein lacks the N-terminal part encoded by the first exon, with no
additional deletions in the rest of the protein, including the TGF-p domain coded by the last exon. In
this species, amhby was almost perfectly associated with males, with a few outliers. It is worth noting
that misassignment of phenotypic sex is not unlikely in this species due to the sexing method during
sample collection. Because N. hubbsi is endemic to western Washington state (USA) and is considered
a state sensitive species (DeHaan et al., 2014), the phenotypic sex of the samples used in this study
was solely determined based on the external phenotype. As this external sex phenotyping method is
more prone to mistakes than direct visual inspection or histology of the gonads, it is possible that these
few outliers were misassigned phenotypes. In this case, the sex linkage of amhby would be complete
in N. hubbsi, indicating that this truncated amhby is likely to be functional as the MSD in this species.
In E. niger, the sequence of amhby also completely lacks the exon | and, more surprisingly, also part
of the last exon, resulting in an impaired TGF-p domain. Yet, this amhby ortholog was found to be
perfectly associated with male phenotype, indicating that this gene could still be a good candidate for

MSD gene in this species.

These two cases raise the question of how such truncated Amhby proteins could still serve as
functional MSDs. For a canonical AMH, removal of the N-terminus during posttranslational
proteolytic processing is necessary to generate a mature and much smaller protein that can interact
with its receptor (di Clemente et al., 2010). The truncated Amhby in N. hubbsi still encodes the entire
C-terminal sequence, which is sufficient to produce a normal mature protein able to interact with its
receptor, and thus, remain functional. In comparison, defects in the TGF-p domain like that found in
E. niger could severely affect the interaction between Amh and its receptor. However, the mechanism
by which Amhby triggers sex determination in the Esociformes is still unknown. Indeed, the TGF-$3
superfamily, which seems to play a more central role in sex determination and differentiation in teleosts

compared to mammals (Kikuchi and Hamaguchi, 2013), remains poorly studied in fish.
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Because of this lack of knowledge on the precise mechanisms of action and on the signalization
pathways of Amh in fish, the possibility of an unusual and yet unknown function of these truncated
Amhby proteins remains. Moreover, in the salmonids a truncated duplicate of an immune-related gene
acting as MSD, sdY, demonstrated that preservation of all domains is not always necessary for a neo-

functionalized protein to assume the role of MSD gene (Yano et al., 2012; Bertho et al, subm.).

In E. masquinongy, despite being significantly male sex-linked, amhby was absent in some
males and even present in some females. In addition, two alleles of amhby were found to co-exist in
some individuals, which is not compatible with the expected hemizygous status of a Y sex locus.
Furthermore, the E. masquinongy Amhby protein lacks the first cysteine of its TGF-p domain, which
could impair its folding and thus potentially lead to defects in its function. Yet, the significantly
predominant presence of amhby in males in two out of three populations of E. masquinongy indicates
that this gene is likely linked with sex and located on the sex chromosome. One scenario that could
explain this observed pattern in E. masquinongy is that a novel male MSD has arisen in the vicinity of
amhby. This new male MSD gene would be strictly associated with the male phenotype, and as a result
of the short distance between this new MSD gene and amhby, these two genes would not segregate
completely independently, leading to a higher chance of amhby being found in males than females.
Furthermore, in this scenario, due to the relaxation of purifying selection after the loss of the MSD
role, amhby could start to degenerate, which would explain the observed changes in the protein
structure. An alternative explanation would be that sex determination in E. masquinongy is polygenic,
with amhby as the male sex determining gene on the Y chromosome and a dominant female
determining gene on a W chromosome. Such multilocus polygenic systems have been previously
described in the housefly (Hamm et al., 2014; Meisel et al., 2016) and in the cichlid fish Astatotilapia
burtoni (Moore and Roberts, 2013; Roberts et al., 2016). In this scenario, E. masquinongy individuals
would then have two pairs of sex chromosomes and the resulting sex phenotype would be driven by a
combination of XX/XY and ZZ/ZW systems. More precisely, males and females with amhby would
have an XYZZ or an XYZW genotype respectively, and males and females without amhby would have
an XXZZ or an XXZW genotype respectively. Although no female-biased marker was found in our
study to support this hypothesis, such a female dominant sex determining locus could potentially be

very small and thus undetectable with the resolution of RAD-Seq.

167



168



Interestingly, this multilocus polygenic scenario would better fit with the fact that E. masquinongy has
been previously characterized as a potential ZZ/ZW species due to the presence of males in the
offspring from a gynogenic female (Dabrowski et al., 2000): under this hypothesized polygenic
system, male offspring could still be produced by a gynogenic female with XYZW genotype.
Furthermore, the XX/XY system found from the results of the RADSex pipeline could result from a
stronger signal from the more differentiated X and Y chromosome pair. Further data is needed to
elucidate the puzzle of the SD system in E. masquinongy; nevertheless, our data indicates that amhby
Is no longer the sole MSD gene in this species.

Surprisingly, despite having been clearly identified as the MSD in an XX/XY sex determination
system in European populations of E. lucius, amhby was completely absent in North American
populations. This result is corroborated by the complete absence of sex-biased RAD markers in the
North American populations, even on LG24, the sex chromosome identified in the European
populations (Pan et al., in prep). This indicates that in these North American populations, the sex
chromosome is currently at an autosomal state. The current distribution of the extant populations of E.
lucius is the result of an expansion from three different glacial refugia dated around 0.18 to 0.26 Mya,
with the North American populations belonging to the monophyletic circumpolar lineage with a
Eurasian origin (Skog et al., 2014). We found a complete sex linkage of amhby in some European
populations belonging to this circumpolar lineage. It is possible that amhby was lost in this entire
circumpolar lineage prior to its expansion and then regained in the European populations, for instance
from a secondary contact with the other two sympatric European lineages. However, the most
parsimonious hypothesis is the sex locus was lost in the ancestors of the North American populations
after their divergence from the rest of the circumpolar lineage, less than 0.18 Mya. In this case, the
complete loss of this sex locus in such a short evolutionary time was likely not driven by a gradual
degeneration of the sex locus, but instead driven by a drastic loss event. Such event may have resulted
from the combination of a bottleneck in the refugia and founder effects during postglacial
recolonization, which was suggested as an explanation for the low level of genetic diversity observed
in some freshwater fishes at northern latitudes (Bernatchez and Wilson, 1998). In fact, the lowest
genetic diversity among populations from the circumpolar lineage of E. lucius was found in North
American populations (Skog et al., 2014), indicating that these populations experienced the strongest
bottleneck and founder effects. In this context, the loss of the amhby sex locus can be explained by the
hypothesis that some of the founder males were actually genetic females that experienced sex reversal.
This hypothesis is supported by the fact that masculinization of XX females, likely due to stress, has

been observed in captive E. lucius (Pan et al., in prep).
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These environmental effects on sex determination could have further enabled this abrupt sex
determination transition by providing a mechanism to maintain a balanced sex ratio in the population

even after the complete loss of its ancient sex locus.

It is possible that a new master sex determining gene has already taken the lead of a new genetic
sex determination system in these North American populations. Although we did not find any marker
associated with sex in the RADSex analysis, it may be that the resolution of RAD-Seq is too low to
catch the signal of nascent sex chromosomes with little differentiation. Resequencing projects with
increased resolution may be able to pinpoint the location of the potential young sex locus, and
experiments are currently ongoing to provide high resolution genome-wide information on the North

American populations of E. lucius.

Conclusion

In this study, we traced the evolution of the sex determination system in a monophyletic group
of vertebrate with an old but dynamic MSD gene as a guide. We showed that the MSD gene amhby,
the male specific duplicate of the anti-Mullerian hormone first identified in the Northern pike (Esox
lucius), resulted from an ancient duplication event prior to the diversification of the Esocidae between
65 and 90 Mya. This amh duplicate then gained the function of MSD gene in a common ancestor of
the genera Esox and the Novumbra around 56 Mya. Subsequently, this old MSD experienced varying
fates among different species of the Esocidae. We identified two cases of truncated Amhby that
remained significantly associated with male phenotype, sparking speculation on a new mechanism in
the function of the protein. We also found evidence for a transition of sex determination system in the
Musky pike (Esox masquinongy), where amhby showed dissociation from male phenotype, and more
surprisingly, in the North American population of the Northern pike (Esox lucius), where a rapid and
complete loss of the sex locus with amhby occurred within 0.2 million years. Finally, we found
evidence suggesting a potential polygenic SD system operating in the Alaska blackfish (Dallia
pectoralis), where amhby was lost after the duplication event. Collectively, these results provide the
first empirical study of the branching evolutionary trajectory of a single, old MSD gene in a group of

species experiencing transitions of sex determination systems.
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Supplementary: Rise and fall of an ancient master sex
determining gene in the Esociformes

Additional analysis on Novumbra hubbsi

Material and Methods

RAD-seq was performed on 26 males and 24 females of N. hubbsi samples following the same
protocol for library preparation and sequence as for the other Esociformes. The RAD-seq reads were
processed by the RADSex pipeline with the same parameters as for other Esociformes, following the

protocol by Feron et al (in prep).

Furthermore, a PCA was performed on the RAD-seq data of N. hubbsi. The analysis was
performed using stacks version 1.34. Raw RADSeq reads were processed with the process_radtags.pl
wrapper script and analyzed using the denovo_map.pl wrapper script with the following parameters:
m=10, M=2, N=3, --gapped not set and H not set. Results of denovo_map.pl were run through the
populations pipeline with minimum percentage of individuals in a population set to 0.5 (r=0.5),
minimum stacks depth at a locus set to 10 (m=10), and minimum populations at a locus set to 2 (p=2),
to generate PLINK input files (.map and .ped). PLINK input files were manually completed to add sex
information as phenotype. PCA was performed in R (version 3.4.2) using the package SNPRelate
(version 1.11.2). Reads were first converted to gds format with snpgdsBED2GDS, and the resulting
gds file was analyzed using snpgdsPCA with the following settings: bayesian normalization and
monomorphic SNPs removed. Samples were plotted along the first and second eigenvectors with the

package ggplot2 (version 2.2.1) and samples were colored according to population.

Results

RADSeq data was also generated for 26 males and 24 females N. hubbsi. The resulting heatmap
revealed 2 markers present in 19 males (73.1%) and 2 females (8.3%). However, their association with
sex was not significant (p=0.158, chi-squared test with Bonferroni correction). In contrast, no marker
was predominantly present in females supporting an XX/XY system as already suggested by amhby
sex linkage in that species (Figure SS1A). This analysis also revealed multiple groups of markers that
were shared by different subsets of individuals (Figure SS1B), suggesting an underlying strong

population structure. In order to characterize this potential population structure, this RAD-Seq dataset
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Females

was re-analyzed to obtain polymorphic markers, which were used in a principal component analysis
(PCA). When plotting the first two eigenvectors from this PCA (Figure SS2), individuals from the
same location clustered together, confirming that a strong population structure was present in this
dataset. Furthermore, results from the PCA showed that individuals from Stern Wetland and South
Hanaford Creek formed a single group that was distant from the other populations. Genetic relatedness
of N. hubbsi samples collected from several locations was also assessed with Fst from pairwise
comparisons among populations (Table SS1). Samples collected from South Hanaford Creek and
Stearns Wetland had the lowest divergence with a in between-population Fst of 0.0031, while showing
the highest divergence from all other populations, with the exception of Powell Creek. Coincidentally,
the three markers found predominantly in males were absent in these two populations. Consequently,
the RAD-Seq data was re-analyzed excluding individuals from these two populations, and two markers
were significantly associated with sex (p=0.021, chi-squared test with Bonferroni correction) (Figure
SS1B).

Markers distribution in N. hubbsi B Markers distribution in N. hubbsi

Number of
haplotypes

0

1-4

s

B 2590
B 00999
[ Bl

Association
with sex

Males

Figure SS1: Heat map of markers shared by males and females of N. hubbsi from the RADSex pipeline.
Positions that show significant association with sex are highlighted with the black outline on the lower right
corner and upper left corner for male and female respectively. The intensity of the color corresponds to the
number of markers. A: all population included; B: excluding samples from South Hanaford Creek and Stearns
Wetland.
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James Powell Stearns S. Hanaford Conner Steamboa
Pond Creek Wetland Creek Creek t Bog
James Pond 0.246 0.491 0.424 0.301 0.169
Powell 0.243 0.205 0.075 0.248
Stearns 0.033 0.250 0.567
Wetland
S. Hanaford 0.213 0.475
Creek
Conner 0.266
Creek

Table SS1: Pairwise comparison of Fs values between different populations of Novumbra hubbsi used in the
RADSex analysis.
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Figure SS2: PCA on RAD-Seq SNP data from Novumbra hubbsi. Samples were collected from six populations,
and samples origins are indicated by color. Each point corresponds to one individual in the analysis.
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Additional figures and tables
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Figure S1: Phylogenetic reconstruction of Amha and Amhby protein orthologs from the Esociformes with Amh
sequence from Salmo salar as an outgroup. This Phylogeny tree was constructed with the Maximum likelihood
method. Bootstrap values are given on each nod of the tree. Amha ortholog cluster is highlighted with yellow
dotted lines and Amhby ortholog cluster is highlighted with blue dotted
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Figure S2: Alignment of predicated protein sequence of amhby orthologs between E. lucius and A: E.
masquinongy, where only the alignment of TGF-£ domain is presented, B: N. hubbsi and C: E. niger. TGF-S

domains are shaded in grey
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Primer name Target gene Sequence Sequence used for primer design
SeqgAMH1Fw1 amhby GAAAGACACTGGCTCACAG E. lucius amhby

SeqgAMH1Fw?2 amhby TGGCACCATCTCTTTCAC E. lucius amhby

SeqgAMH1Fw3 amhby TCCAGTCCCGTTGTTCTC E. lucius amhby

SeqAMH1Fw4 amhby CAACATGGTGGCAACTAAGTG E. lucius amhby

SeqgAMH1Rev1 amhby TTTCCCTCTGATGGCATTCC E. lucius amhby

SeqAMH1Rev2 amhby CTGTTGGTGGTTCTTTGC E. lucius amhby

SeqgAMH1Rev3 amhby TGGCAGTGGAAGATATTAGC E. lucius amhby

SeqAMH1Rev4 amhby GGTAATATTTGTGCCCTGTG E. lucius amhby
seqAMH2_Forwardl amha TGTTAGATGCAGACGTGAG E. lucius amhby
seqAMH2_Reversel amha CACTTTCCTTGTCCCAACC E. lucius amhby
seqAMH2_Forward2 amha CCATCGTTCCCAACACTTCTC E. lucius amhby
seqAMH2_Reverse2 amha AGGACATCACTGAGGAACC E. lucius amhby
seqgAMH2_Forward3 amha GTAATTGTCTCCATCAGAGCGT E. lucius amhby
seqAMH2_Reverse3 amha CACTCACACTTCGTTGCCAC E. lucius amhby
ConserveAMH1_F1 amhby GTTACTTTTTCTGCCTAGCGTGA Conserved region on amhby orthologs
ConserveAMH1_F2 amhby GTGATAGGCACTGTAACACACCA Conserved region on amhby orthologs
ConserveAMH1_R1 amhby CTATTACTAGTGTGGATAAGGCCG Conserved region on amhby orthologs
ConserveAMH1_R2 amhby CCTCTTCACCCTCAGTGAGC Conserved region on amhby orthologs
ConserveAMH1_F3 amhby TATATCCTGCATGTTACTTTTTCTG Conserved region on amhby orthologs
ConserveAMH1_F4 amhby ACCAGACCACCAAGGAACAG Conserved region on amhby orthologs
ConserveAMH1_R3 amhby CAACCTCCCATGAACCCTT Conserved region on amhby orthologs
ConserveAMH1_R4 amhby GGTGGATGGTGATTTTCTTCTC Conserved region on amhby orthologs
AMH1ConENDRev1 amhby ATTCCTGCACTACCAACCTCC Conserved region on amhby orthologs
AMH1ConENDRev2 amhby CAGTCTGCAGAGCCTTCAGTAG Conserved region on amhby orthologs
MuskyAMH1_Gap_F1 amhby GTAATAGAAGCCAACAGACAGAG E. masquinongy amhby
MuskyAMH1_Gap_R1 amhby CTTTCATCCATTCCTCGATCCA E. masquinongy amhby
Con_Amha_F1 amha GTCACTATAGGTTGGTTCATC Conserved region on amha orthologs
Con_Amha_R1 amha CGATTTGCCATTTCAGGTG Conserved region on amha orthologs
Con_Amha_F2 amha CACGATCTGCAGCCTTACAA Conserved region on amha orthologs
Con_Amha_R2 amha CTTCAGTAGTAGCAGGGCACG Conserved region on amha orthologs
ESNI_Amhby_gapF1 amhby GGATATGCTTTCAGCACTTCG E. niger amhby
ESNI_Amhby_gapR1 amhby GATCTGCCATTCCAGGTGAC E. niger amhby
ESNI_Amhby_spcR1 amhby GAATAACATCACTGACCAGCC E. niger amhby
ESAA_Amhby_gapF1 amhby TAGTAACGGCCTTATCCACAC E. niger amhby
ESAA_Amhby_gapR1 amhby GGCAGGAGTCATGTATCAACAG E. niger amhby

ESAA_Amhby spcR1 amhby GTCACAGCTAAATCAGGTCAC E. niger amhby
Novum_Amha_F1 amha GTTTATTCAACTGATGTGGGAC N. hubbsi amha
Novum_Amha_R1 amha GAAAGCATATCGTCAACAACC N. hubbsi amha
Novum_Amhby_F1 amha CAAGATGCCAACAAACAGAG N. hubbsi amhby
Novum_Amhby_R1 amha TATGGATAATAGCCTGAACCTG N. hubbsi amhby
NigerBY_end_F1 amhby GCACAGCTTAACCGTTTCCC E. niger amhby
NigerBY_end_R1 amhby CCTTGACCATAAAGCATTTCAGAG E. niger amhby
NigerBY_front_F1 amhby TGTCCATACCATTACAGATCC E. niger amhby
NigerBY_front_R1 amhby TCAGAGAACCATCTAAACGG E. niger amhby
Con_Amhby_end_F2 amhby GTAGTGCAGGAATGCACAGGC Conserved region on amhby orthologs
Con_Amhby_end_R2 amhby CAGCGGCATCCACACTTAGTTGC Conserved region on amhby orthologs
Niger_Amha_F amha CTACTACTGAAGGCTCTACAGAC E. niger amha

Niger_Amha_R amha ATCATAGTCCACAGGTACACAG E. niger amha

Niger_Amhby_F amhby AAGCCGTTTAGATGGTTCTCTG E. niger amha

Niger_Amhby_R amhby CAATGGTATCAACAATGCTCAGG E. niger amha

Table S1: primers used to obtain amhby and amha ortholog sequences from the sister species of E. lucius in the

Esociformes.
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Species Sex/genotype Total contig length  N50 contig length L50 contig count

Esox lucius male 1.01G 17641 15128
(European population)

Esox masquinongy male 1.14G 19504 15247
Esox masquinongy female 1.10G 22589 12838
Esox niger amhby + 0.86G 30384 7354
Novumbra hubbsi male 0.76G 17942 10955
Dallia pectoralis male 0.86G 5062 35093

Table S2: Assemblathon’s metrics of the genome assemblies obtained in six Esociformes.

Model hame in PALM Log-likelihood of the model

MO -5121.89
M1la -5123.61
M2 -5123.61
M7 -5123.41
M8 -5123.28
Free-ratio model -5139.74
Branch-site model -5122.80

Table S3: Log-likelihood of different selection models tested on amha and amhby orthologs of the Esociformes.
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Sex determination and karyotype evolution in the
Eastern mudminnow, Umbra pygmaea

Abstract

To complete our survey of sex determination (SD) systems in the Esociformes, we investigated
the SD system and karyotype evolution in the Eastern mudminnow, Umbra pygmaea. This species
belongs to the Umbridae family that diverged from the Esocidae prior to the birth of amhby, a strong
candidate for the master sex determining (MSD) gene in many species of the Esocidae. We first
identified and confirmed an XX/XY SD system in U. pygmaea, consistent with most SD systems found
in the sister clades Esocidae and Salmoniformes. We also constructed a genetic linkage map of U.
pygmaea and used it to identify a well differentiated sex locus in the sex chromosome, LG1. Using
data from this genetic map, we also compared the chromosomes of U. pygmaea with those of E. lucius,
and showed that the drastic reduction of karyotype number in U. pygmaea is a result of one-to-one
fusion of ancestral karyotypes. In addition, a draft genome of U. pygmaea was sequenced and
assembled, but the large size of this genome and its lack of continuity prevented the identification of
a candidate MSD gene. Finally, we characterized the early molecular and morphological differentiation
of the gonads in U. pygmaea, paving the way for further studies of the sex determination in this non-

model teleost fish.
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Introduction

In the salmonids, an unusual master determining (MSD) gene named sdY was characterized
(Yano et al., 2013), and it was hypothesized that this MSD gene was a salmonid innovation. The sister
group of salmonids, the Esociformes, contains two families, the Umbridae and the Esocidae, which
diverged around 90 million years ago (Campbell et al., 2013). In the Esocidae, a male specific
duplicate of amh was identified as the MSD in most species (Pan et al., in prep). However, a
phylogenetic analysis of amh orthologs in Esociformes indicated that the Umbra genus diverged before
the duplication of amh, and thus, the Umbridae is likely to have a different MSD gene. Yet, to date,
little is known about sex determination and reproduction in this clade. Characterizing the sex-
determination mechanism of the Umbridae would improve our knowledge on the evolution of sex
determination systems in the Esociformes, and represents a crucial step in the determining the potential
ancestral MSD of this clade. In addition, while the European mudminnow (Umbra krameri) have 22
pairs of chromosomes (2N=44) (Rab and Mayr, 1987) similar to that of the Esox (Beamish et al, 1971),
the other two American mudminnow species, Umbra pygmaea and Umbra limi, have only 11 pairs of
chromosomes (2N= 22) (Beamish et al., 1971). This substantial karyotype evolution within Umbridae

further increase the interest in studying their genome and sex determination evolution.

To start our investigations on sex determination in Umbridae, we focused mainly on the Eastern
mudminnow Umbra pygmaea, a small bodied freshwater species, which is native to the East coast of
the United states but which has been introduced in Europe in the past century (Kuehne and Olden,
2014). We used RAD-Sequencing (Amores et al., 2011) data to find markers associated with sex in a
wild-caught population and we also built a genetic linkage map from a captive breeding (Pan et al., in
revision) family panel. These analyses revealed an XX/XY sex determination system with a large,
well-differentiated sex locus located on the first Linkage Group (LG1). Results from comparative
genomics approaches suggest that this linkage group was formed by a chromosomal fusion of the
ancestral karyotypes of LG8, LG12 and LG22 in E. lucius. To complement these genomic analysis,
we performed molecular analyses to delineate the period of gonadal sex differentiation and we provide
guidelines for future functional studies of the MSD in this species.
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No candidate MSD gene has been identified yet, but a high quality sequencing of U. pygmaea genome
is under way, which will improve the assembly of the sex locus and could lead to the identification of
the MSD gene. In addition, our results provided many sex markers which can be used to sex Umbra
pygmaea samples with high confidence.

Material and Methods

Fish collection

The population of eastern mudminnows (U. pygmaea) used in this study was sampled in
Flanders, Belgium. Eastern mudminnows were captured using electric fishing gear in a pond and
connecting ditches in a nature reserve in the vicinity of Genk (Belgium). Exact coordinates (latitude
and longitude) of the pond are 50°57'12.84"N and 5°27'16.54"E. U. pygmaea is a non-native species
in Belgium and is not protected by any legislation there. These U. pygmaea were transported alive to

an indoor experimental facility located in Rennes (France).

Laboratory rearing conditions

Mudminnows were maintained indoor in 1 m? tanks filled with 200 liters of dechlorinated local
water (pH=8) filtered with a recirculating system. Tanks were enriched with artificial aquarium plants
and polyvinyl chloride (PVC) plastic tubes. Rearing temperature followed the trend of external natural
temperature. Controlled breeding were performed by hormonal induction followed by in vitro

fertilization (Pan et al., in revision).

Rad library preparation and sequence

For both the wild population of U. pygmaea and the family panel including two parents and 92
of their offspring, the Restriction Associated DNA sequencing (RADSeq) libraries were constructed
from genomic DNA extracted from fin clips, digested with Sbfl following standard protocols (Amores

et al., 2011), and sequenced in one lane of Illumina HiSeq 2500.
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Genome sequencing and assembly

A first genome of U. pygmaea was sequenced using a whole genome shotgun strategy with
small Illumina reads. Libraries were built using the Truseq nano kit (Illumina, ref. FC-121-4001)
following the manufacturer’s instruction. 200 ng of gDNA was briefly sonicated using a Bioruptor
(Diagenode). The DNA was end-repaired and size-selected on beads to retain fragments of size around
550 bp, and these fragments were a-tailed and ligated to Illumina’s adapter. The ligated DNA was then
subjected to 8 PCR cycles. Libraries were checked on a Fragment Analyzer (AATI) and quantified by
gPCR using a Library quantification kit from KAPA. The libraries were sequenced on a Hlseq2500
using a paired end 2x250 bp v2 rapid mode according to the manufacturer’s instruction. Image analysis
was performed by the HiSeq Control Software and base calling by the RTA software provided by
Illumina. Raw sequencing reads were assembled using the DISCOVAR de novo software (Weisenfeld
et al, 2014) with the following assembly parameters: MAX MEM_GB=256,
MEMORY_CHECK=False, and NUM_THREADS=16. The resulting assembly metrics were
calculated with the assemblathon_stats.pl script (Earl et al., 2011) and are given in Table S4.

A second genome was sequenced with the 10X Genomics Chromium technology.
Libraries were prepared by the MGX platform (Montpellier, France) following the manufacturer’s
instructions. Sequencing was done on one lane of Illumina HiSeq 3000 generating 2x150 bp reads.
These reads were assembled with the supernova assembler with default settings (10X Genomics).

RADSex pipeline and allele depth analysis

Raw RAD-Seq reads were analyzed with stacks version 1.44 (Catchen et al., 2011; Catchen et
al., 2013). Quality control and demultiplexing of the raw reads were performed with the
process_radtags.pl wrapper script with default settings. This step was done in a consistent way for all
species to associate reads with the individuals by their barcodes, creating one read file per individual.
For all species, RAD-Seq reads were analyzed with a custom RADSex analysis pipeline (Feron et al.,
in prep). This analysis was performed in order to analyze both polymorphic and non-polymorphic
markers, including potentially hemizygous markers. In this analysis, demultiplexed reads were
grouped into stacks using the denovo_map.pl wrapper script with minimum number of reads to form
a stack set to 10 (m=10), maximum number of mismatches allowed when forming stacks in one
individual set to 0 (M=0), maximum number of mismatches allowed when merging stacks in the
catalog set to 0 (N=0), gapped assembly deactivated (--gapped not set), calling haplotypes from
secondary reads disabled (H not set), ustacks max locus per stack set to 1 (--max_locus_stacks=1), and
ustacks lumberjack step deactivated (--keep_high_cov set).
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These parameter values ensured that each stack represented a single allele (or haplotype) from a single
locus. The distribution of haplotypes between males and females was calculated using a custom
pipeline, and results were presented in a heatmap with number of males in which a haplotype is present
as abscissa (x-axis), number of females in which a haplotype is present as ordinate (y-axis), and number
of haplotypes present in x males and y females as color of the tile at coordinates (X, y). For each
combination of number of males and number of females in which a haplotype is present, probability

of association with sex was estimated with a chi-square test, applying Bonferroni correction.

Remapping of U. pygmaea markers to the genome of E. lucius

All sequences from the stacks catalog obtained with the RADSex pipeline were mapped to the
genome assembly of E. lucius (Elu_V3, GenBank assembly accession: GCA_000721915.3) using
BWA (version 0.7.15-r1140, Li and Durbin, 2009) with all settings set to default. Sequences with

mapping quality > 15 and a unique mapping position were retained for this analysis.

DNA extraction and genotyping with sex markers from RADSex analysis

All fin clips were collected and stored at 4°C in 75-100% ethanol until DNA extraction. Two
DNA extraction protocols were used depending on the subsequent procedures. For genotyping,
samples were lysed with 5% Chelex and 25 mg of Proteinase K at 55°C for 2 hours, followed by
incubation at 99°C for 10 minutes. After brief centrifugation, the supernatant containing genomic DNA
was transferred to clean tubes without the Chelex beads (Gharbi et al., 2006). For sequencing
preparation, DNA extraction was performed using NucleoSpin Kits for Tissue (Macherey-Nagel,
Duren, Germany) following the producer’s protocol. When using this protocol, DNA concentration
was quantified with NanoDrop ND2000 spectrophotometer (Thermo scientific, Wilmington,
Delaware).

Primers for genotyping were designed using Perl-Primer (version 1.1.21, Marshall, 2004) based
on the surrounding genomic sequences of four sex markers identified by the RADSex analysis. Primer

sequences and corresponding experiments can be found in Table S2.
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RNA extraction, cDNA synthesis and gPCR

Six males and six females were sampled at 3, 6, 10, 14, and 20 weeks post fertilization (wpf).
The whole trunk was collected for RNA extraction as it was not feasible to isolate the gonads at these
stages. The genotypic sex of each animal was determined based on the confirmed sex markers from
the RADSex analysis. Samples were immediately frozen in liquid nitrogen and stored at -70 °C until
RNA extraction. RNA was extracted using Tri-Reagent (Molecular Research Center, Cincinnati, OH)
following the manufacturer’s protocol and RNA concentration was quantified with a NanoDrop
ND2000 spectrophotometer (Thermo scientific, Wilmington, Delaware). Reverse transcription (RT)
was performed by denaturing a mix of 1ug of RNA and 5 pL of 10mM dNTP at 70°C for 6 minutes,
followed by 10 minutes on ice. Random hexamers and M-MLV reverse transcriptase (Promega,
Madison, W1I) were then added, and the mixture was incubated at 37°C for 75 minutes followed by 15
minutes of enzyme inactivation at 70°C, then chilled at 4°C. During these last two steps, a negative
control without reverse transcriptase was prepared for each sample. The resulting cDNA was diluted
25-fold before gPCR.

gPCR primers were designed using Perl-Primer (version 1.1.21, Marshall, 2004) on intron-
exon junctions to avoid genomic DNA amplification (Table S3). Primer pairs were diluted to 6 pg/pL
for gPCR. gPCR was performed with SYBER GREEN fluorophore kits (Applied Biosystems, Foster
City, CA) on an Applied Biosystems StepOne Plus instrument. For each reaction, 4 pL of diluted
cDNA and 1puL of diluted primers were added to 5 pL of SYBER Green master mix. The following
gPCR temperature cycling regime was used: initial denaturation at 50°C for 2 minutes and then at
95°C for 2 minutes, followed by 40 PCR cycles at 95°C for 15s, 60°C for 30s and 72°C for 30s, and a
final dissociation step at 95°C for 3s, 60°C for 30s and 95°C for 15s. Samples were checked for
nonspecific amplification and primer-dimers using the dissociation curve implemented in the StepOne
software. Relative abundance of each target cDNA was calculated from a standard curve of serially
diluted pooled cDNA from all samples, and then normalized with the geometric mean of the expression
of six housekeeping genes (S-actin, efla, gapdh, eftud2, ubr2, and ccdc6b) following classical g°PCR
normalization procedures (Vandesompele et al., 2002). The differentiation of expression between
males and females was tested with a Wilcoxon signed rank test implemented in R (version 3.2.2).
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Visualizing primordial germ cells during embryogenesis

GFP-nanos-1 including the mmGFP5 open reading frame (ORF) (Siemering et al., 1996) fused
to the 3’-UTR of the nanos-1 gene were constructed as described by Koprunner et al., (2001) and
Herpin et al., (2007). Injection of RNA generated from this construct can result in specific GFP
expression in the PGCs in teleost species (Saito et al., 2006). The RNA was administrated to U.
pygmaea embryos at the 1-cell stage, within 2 hours post fertilization. Confocal images were acquired
on each day post fertilization until hatching at 9 days post-fertilization (dpf). Imaging of the embryos
was performed using a laser microscope (Eclipse C1 laser-scanning, Nikon, Tokyo, Japan) with a 60x
Nikon objective (PL APO, 1.4 NA) and the Nikon image software.

Histology

Whole trunks of U. pygmaea were fixed immediately after dissection in Bouin’s fixative
solution for 24 hours. Samples were dehydrated with a Spin Tissue Processor Microm (STP 120,
Thermo Fisher Scientific, Walldorf, Germany) and embedded in plastic molds in paraffin with a
HistoEmbedder (TBS88; Medite, Burgdorf, Germany). Cross sections of each embedded sample were
cut serially into slices of 7 um using a MICRO HM355 (Thermo Fisher Scientific, Walldorf, Germany)
and stained with Hematoxylin. Imaging was performed with an automated microscope (Eclipse 90i,

Nikon, Tokyo, Japan).

RADSeq based genetic map

RADSeq reads were generated from a full-sib family of x males and y females to create a
linkage map for U. pygmaea including 56 female offspring, 35 male offspring and both parents. Raw
reads were analyzed with the Stacks program version 1.34 (Catchen et al., 2011; Catchen et al., 2013).
Quality control and demultiplexing of the 2,198,433,345 reads were performed using the
process_radtags.pl wrapper script with all settings set to default except the minimum mean quality
score on the reading window, which was set to 20 (-s 20). In total, 1,501,898,810 reads were retained
after this filtering step (68%), including 3,307,826 sequences from the mother, 2,978,238 sequences
from the father, and between 440,000 and 2,000,000 sequences from each offspring.
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Stacks of reads were built using the denovo_map.pl wrapper script with the minimal number
of reads to form a stack set to 5 (m=>5), high bound set to 0.05 (--bound_high 0.05) and all other settings
set to default. In total, 119,412 loci were obtained, among which 9288 markers were polymorphic.
Afterwards, the genotypes program was used to export loci found in at least 80 of the 92 offspring
(87%), and 1713 loci were used to build the linkage map using Lep-Map 2 (Rastas et al., 2015). First,
markers showing significant segregation distortion (P < 0.01) were excluded using the Filtering
module with the option “dataTolerance=0.01". As previous cytological study had determined the
chromosome number to be 22 (2n), markers were separated into 11 linkage groups using the modules
SeparateChromosomes and JoinSingles, with the minimum logarithm of odds (LOD) value set to 5
(“lodLimit=5") and the minimal number of markers in each linkage group set to 20 (“sizeLimit=20").
Then, the female informative markers were masked with the setting value “informativeMask=13" in
order to generate a male map, and the male informative markers were masked with the setting value
“informativeMask=23" in order to generate a female map. Finally, a consensus map was generated

with the setting value “informativeMask=123".

To determine the order and distance between markers in each linkage group, the Kosambi
mapping function from the OrderMarkers module (“useKosambi=1"") was ran 10 times, and the run
with the highest likelihood score was retained for each linkage group. Finally, the genetic maps were
drawn and aligned using Genetic-Mapper v0.6 (Bekaert, 2016). Markers used in the linkage map were
analyzed with the populations program of Stacks (version 1.34) using the --fstats setting to obtain
population genetic statistics between males and females.

Remapping of the markers placed on the genetic map of U. pygmaea on the
genome of E. lucius

In this analysis, mapping was done using BWA (version 0.7.15-r1140, Li and Durbin, 2009)
with all settings set to default, and markers were considered uniquely mapped when they had a mapping
quality > 15. As the direct remapping of RAD-Seq tags did not provide a significant anchorage on the
E. lucius genome we use the draft genomes of U. pygmaea as a stepping-stone to recover specific
genomic sequences around the marker sequences and remapping these U. pygmaea genomic sequences
on the genome of E. lucius. All markers from the genetic map of U. pygmaea were mapped to the
Discovar de novo genome assembly and to the 10x genome assembly. Contigs from these assemblies

that were hit by uniquely mapped markers were extracted.
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These contig sequences were then used as proxy references to remap all markers from the stacks
catalogs obtained in the RADSex analysis of the wild population and the RADSex analysis of the
family panel. All markers uniquely mapped on these contigs were then mapped to the genome of E.
lucius, and only markers uniquely mapped to the genome were retained. A correspondence table was
generated for all resulting markers storing their position in the genetic map of U. pygmaea as well as
their position on the genome of E. lucius. For markers recovered from the RADSex data, the position
in the genetic map was determined as the position of the marker from the genetic map which mapped
to the same contig. If more than one marker from the genetic map was mapped to the same contig, the

one giving the position was selected randomly.

A circos plot showing all LGs from the genetic map of U. pygmaea and all chromosomes from
the genome of E. lucius was generated using the circlize package (version 0.4.2, Gu et al., 2014) in R
(version 3.4.2), with links showing the correspondence between position on the genetic map of U.

pygmaea and position on the genome of E. lucius for each marker.

Results

Genome sequencing and assembly of U. pygmaea confirms the absence of MSD
from sister clade

Two draft genomes were sequenced and assembled for U. pygmaea with either a whole genome
shotgun strategy with Illumina reads, which is referred to in the later text as the ‘discovar genome’, or
a 10X genome sequencing strategy, which is referred to in the later text as the ‘10X genome’. The size
of resulted assembly of the discovar genome was around 1.9 Gb (Table S4), about 80% of the
estimated 2.4 Gb genome size of U. pygmaea (Beamish et al., 1971). The size of the resulted assembly
of 10X genome was around 1.5 Gb, about 63% of the estimated genome size. However, the continuity

of the assembly was better in the 10X genome than the discovar genome (Table S4).

Homologous sequences to the salmonid MSD gene sdY was not identified in the draft genomes
of U. pygmaea. Furthermore, only one homozygous amh sequence was identified in U. pygmaea
genome, confirming previous findings that the amh duplication, which originated the Esocidae MSD

gene amhby, took place after the divergence of the Umbridae (Pan et al, in prep).
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Distribution of markers in U.pygmaea
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Figure 1: Heat map of RADSex markers in 31 males and 31 females of U. pygmaea. Positions with significant
association with sex are highlighted in black on the lower right corner and upper left corner for male and female
respectively. The intensity of the blue color corresponds to the number of markers.
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Figure 2: PCR amplification of a male specific sex marker in male (n=10) and female (n=10) genomic DNA
samples from U. pygmaea.
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Umbra pygmaea has an XX/XY sex determination system

Analysis of the RADSeq data from 31 males and 31 females U. pygmaea using the RADSex
pipeline revealed a clear XX/XY sex determination system (Figure 1) with 137 markers significantly
associated with the male phenotype (p < 0.05, Chi-squared test with Bonferroni correction). Sequences
homologous to these 137 markers were recovered and filtered based on coverage to determine whether
markers were in a male specific locus or in a locus with fixed polymorphism between males and
females. In total, 67 (49%) markers were determined as polymorphic between sexes and 70 (51%)

markers were determined as specific to the males.

Mapping of the markers significantly associated with the male phenotype on to the two genome
assembly resulted in 40 contigs with a total length of about 0.4 Mb in the discovar genome and 52
contigs with a total length of 2.5 Mb in the 10X genome. No candidate for MSD gene was identified

in these sequences.

Male markers from RADSex were validated in U. pygmaea, but were not
conserved in the sister species U. limi

Primers were designed on the contigs containing four of the male-specific markers. These
primers were tested in 29 females and 20 males independent from the ones used in the RADSex
analysis. In all these samples, specific amplification was obtained, with either a single amplification
in males or multiple amplifications with a male specific band (Table S2), confirming a perfect
correlation with male phenotype (Figure 2). These primers were also tested on gDNA extracted from

sexed samples from a closely related species, U. limi, but not amplification were obtained.

The genetic map of U. pygmaea revealed a large and strongly differentiated sex
chromosome (LG1)

A genetic map was generated from RAD-Seq data from a single full-sib family of U. pygmaea,
for which genotypic sex was inferred using the markers from the RADSex analysis confirmed to be
perfectly associated with sex. In total, 714 markers were retained as informative with 351 markers
specifically for the males and 398 markers for the females. The total length of the sex-averaged map

was 965 cM with an average distance of 1.36 cM between markers.
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Figure 3: Fst between males and females for all markers across the 11 linkages groups (LG) of U. pygmaea and
along LG1. A: The Fst between sex is plotted for all markers used in the genetic linkage map against the linkage
group they belong to. The blue dotted line indicates the genome average Fsr (0.046). B: Fst between males and
females for all markers on LG1 is plotted against their position on the LG1 in the male map.

LG Number of Markers ~ Male map length  Female map length Sex-averaged map length
(cM) (cM) (cM)

1 130 132.79 35.99 122.45
2 84 177.34 145.35 154.47
3 79 103.92 171.26 117.53
4 81 123.83 49.56 93.06
5 67 172.35 38.87 72.69
6 67 140.13 105.99 115.95
7 58 82.76 59.31 91.57
8 47 98.67 39.35 73.63
9 44 33.79 32.7 42.22
10 35 50.81 34.19 59.99
11 20 0 21.89 21.83
Total 714 1116.39 735.06 965.39

Table 1: Numbers of makers and the length of the 11 linkage groups of U. pygmaea in the male map, the female
map, and the sex-averaged map.
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The total length of the male map was 1,116 cM with an average distance of 1.56 cM between
markers, and the total length of the female map was 735 cM with an average distance of 1.03 cM
between markers. The average recombination rate was 1.51 times higher in females than in males. The
total length and number of markers for each linkage group (LG) are given in Table 1 and the sex-
averaged map can be found in Figure S2. Fst between males and females was calculated for each
marker; the genome average Fst was 0.046. The highest average Fst was found on LG1 with a value
of 0.23 (Figure 3A), much higher than the genome average and much higher than the average Fst of
any other LG, indicating that LG1 is the sex chromosome. On this LG, the Fstwas the highest at 54.9
cM on the male map with a value of 0.76 and gradually decreased towards both telomeres, locating the

sex locus in the central region of this LG1 chromosome (Figure 3B).

The RADSeq data used to construct the linkage map was also analyzed with the RADSex
pipeline and yielded 158 markers significantly associated with male phenotype (p < 0.05, Chi-squared
test with Bonferroni correction), confirming the results from the analysis performed on the wild

population.

The karyotype of U. pygmaea experienced Robertsonian translocation and the sex
chromosome is a fusion of the ancestral karyotypes of LG08, LG12 and LG22 of
E. lucius

All 14,142 markers that could be placed on the genetic map were mapped to the genome of E.
lucius, and only markers with unique hits were retained. Due to the evolutionary distance between U.
pygmaea and E. lucius, only 1821 markers (13%) were mapped. For 22 chromosomes in the genome
of E. lucius, the majority of mapping markers (>70%) originated from a single linkage group in the
genetic map of U. pygmaea (Figure 4A; Table S1). These results indicate that the reduction in
karyotype number in U. pygmaea was likely the result of a series of mostly one-to-one chromosomal

fusion.

Among 132 markers that mapped to LG08 of E. lucius, 125 (%) originated from the sex
chromosome of U. pygmaea. Among 156 markers that mapped to LG12, 132 (85%) originated from
the sex chromosome. Among 45 markers that mapped to LG22, 44 (98%) originated from the sex
chromosome. Together, these markers added up to 88 % of the markers that can be placed on the sex

chromosome of U. pygmaea (Figure 4B).
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Figure 4: Circos plots showing markers linking LGs of E. lucius to LGs of U. pygmaea. The LGs of U. pygmaea
are places on the left side and the LGs of E. lucius are place on the right side. A: The markers from the sex
chromosome (LG1) of U. pygmaea is highlighted with red to show its correspondence with LG8, LG12 and
LG22 of E. lucius. B: The markers from each LG of U. pygmaea is colored differently to show each of their
correspondence with the LGs of E. lucius.
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In addition, all 52,258 markers used in the RADSex analysis on the wild population and all 50,133
markers used in the RADSex analysis on the family panel were mapped to the genome of E. lucius,
and only markers with unique hits were retained. In total, 11,402 (22%) markers from the wild
population and 10,949 (22%) markers from the family panel were mapped. Among the 6 mapped
markers from the wild population showing significant association with male phenotype, 3 (50%) were
mapped to LG22, 1 (15%) was mapped to LG17, and 2 (30%) were mapped to unplaced scaffolds 0312
and 1154 (Figure 5). Among the 12 mapped markers from the family panel showing significant
association with male phenotype, 4 (30%) were mapped to LG22, 4 (30%) were mapped to LGOS, 2
(15%) were mapped to LG12, and 2 (15%) were mapped to unplaced scaffolds 0312 and 1154 (Figure
5).

Taken together, these results indicate that the sex chromosome of U. pygmaea, LG1, results
from the fusion of the ancestral karyotypes of LG8, LG12 and LG22 of E. lucius.

Early molecular differentiation of the gonads in U. pygmaea

The migration of primordial germ cells (PGCs) was visualized from 4 dpf to 9 dpf (Figure 6),
just before hatching. The PGCs had already reached the animal pole of the egg by 4 dpf, but they were
still clustered together (Figure 6A). From 7 dpf to 9 dpf, the PGCs were no longer clustered, but
instead lined along the ventral side of the embryos on either side of the body (Figure 6D-6F), a location

that is likely to be close to the genital ridges of U. pygmaea.

The expression kinetics of amh, cypl9ala, dmrtl, foxl2, nr5al (sf1), and fst were measured by
gPCR at 3 weeks post-fertilization (wpf), 6 wpf, 10 wpf, 14 wpf, and 20 wpf (Figure 7). The expression
of all six genes had already started at 3 wpf. None of these genes, with the exception of cypl9ala,
showed an increase in their expression over the sampled developmental periods from 3 weeks to 20
wpf. In addition, histological analysis at 14 wpf showed clear morphological differentiation of the
gonads (Figure S1). However, none of the surveyed genes showed sexual dimorphic expression at this
time point; in fact, none of these genes showed a sustained sexual dimorphic expression pattern during

the entire sampled developmental periods.

207



LG22 zoomeqg

@® Wild population
® Family panel

Figure 5: circular plot showing remapping of U. pygmaea RAD-Seq makers on E. lucius genome. The inner
track plots the p-value of marker association with sex phenotypes, with the red-dotted line denotes significant
level of p = 0.05, with Bonferroni correction. The outer track plots marker segregation pattern in each linkage
group. For each marker, the ratio of difference in number of males and females (number of males — number of
females) over total number of samples (number of males + number of females) is plotted against the mapped
position of this marker. Having a ratio approaching 1 indicates male bias of a given marker, and having a ratio
approaching -1 indicated female bias of a given marker. A zoomed view of remapping results on LG08, LG12,
and LG22 is presented. Blue dots indicate sequence origin in the wild population, and red dots indicate sequence
origin from the family panel.

208



Discussion

Our RAD-Seq approach yielded 714 informative SNP markers from a family panel of U.
pygmaea, from which we were able to construct the first genetic linkage map for this non-model teleost
species. Mapping construction was performed with stringent parameters and resulted in 11 robust
linkage groups, in accordance with the karyotype of the species. The sex specific maps revealed
differences in recombination rate between males and females, which have been reported in a few
teleost species such as the Atlantic salmon (Lien et al., 2011) and the Japanese flounder (Shao et al.,
2015). This genetic map was used to scaffold the draft genomes of U. pygmaea. However, due to the
large size of the genome of U. pygmaea, the fragmentation of the draft genome, and the limited number
of markers in this genetic map, only about 10% of the genome could be anchored on the linkage groups.
Nevertheless, we were able to use information from this map to identify the sex chromosome of U.
pygmaea and to study the evolution of the genome of this species in comparison with the genome of

E. lucius.

Our analysis of a wild population of U. pygmaea using the RADSex pipeline revealed an
XX/IXY genetic sex determination system in this species. By anchoring male-specific RAD markers
on the draft genomes, we were able to identify several contigs, whose size added to 2.5 Mb, potentially
located in the sex locus. However, we were not able to identify candidate MSD genes in these contigs.
In addition, the sex markers from U. pygmaea could not be amplified in its sister species U. limi, which
has a short divergence time of 3.7 Mya from U. pygmaea (Mari¢ et al., 2017). Taken together, these
results indicate that the sex-specific sequences identified in U. pygmaea originate from non-coding
sequences, which evolve faster than protein-coding regions, and are thus more likely to be specific to
U. pygmaea. This is not too surprising, as most of the sex locus apart from the MSD gene is expected
to be degenerated, non-coding sequences (Charlesworth and Charlesworth, 2000).

In the genomes of U. pygmaea, we did not find homologous gene to neither sdY, the MSD gene
of the salmonids (Yano et al., 2012, 2013), nor amhby, the MSD gene of the Esocidae (Pan et al., in
prep), indicating that another gene is responsible for triggering sex determination in this species. The
absence of sdY in U. pygmaea provides support for the hypothesis that this unusual MSD gene emerged
after the divergence between the Esociformes and the salmonids from their last common ancestor
around 113 Mya (Campbell et al., 2013), and before the diversification of the salmonids lineages
around 55 Mya (Campbell et al., 2013). Interestingly, although the MSD gene is not conserved
between these two orders, the majority of species within the Esociformes and the salmonids share an

XX/IXY sex determination system.
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Figure 6: Visualization of PGCs (primordial germ cells) labelled by GFP-nanosl 3’'UTR mRNA during
embryogenesis of U. pygmaea from 4 dpf (days post fertilization) to 9 dpf. The yellow arrows point to the
position of the PGCs and the letter “H’ indicate the positon of the head of the embryo. A: 4 dpf, B: 5 dpf, C: 6

dpf, D: 7 dpf, E: 8 dpf, and F: 9 dpf. Scale bars denote 500 nm.
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The RADSex analysis yielded 137 male-specific markers in the wild population and 158
markers in the family panel. In E. lucius, where the region with suppression of recombination was
found to span around two thirds of the sex chromosome (Pan et al, in prep.), the same RADSex analysis
yielded 79 male-specific markers in a family panel. As the genomes of E. lucius and U. pygmaea have
a roughly similar frequency of RAD Sbfl cutting sites (1 site every 0.052 Mb in E. lucius and every
0.045 Mb in U. pygmaea), these results suggest that the sex locus in U. pygmaea is bigger than that of
E. lucius. In agreement with this estimation, the genetic map shows that suppression of recombination
occurs over most of the large LG1. Taken together, these results indicate that the sex locus in Umbra
pygmaea is large and well-differentiated. In fact, this sex locus is by far the largest we detected in all
Esociformes, which could suggest that the differentiation between the X and Y chromosomes started
earlier in U. pygmaea than in the Esocidae. Therefore, it is possible that the ancestral MSD gene of the
Esociformes, prior to the duplication of amh in the Esocidae, could still be operating in U. pygmaea.
On the other hand, the genome of U. pygmaea is estimated to be 2.4 Gb in size (Beamish et al., 1971),
more than twice the average size of the genomes in the Esocidae (Hardie and Hebert, 2004). As we
did not detect any signature of whole genome duplication based on our own analysis and on the absence
of ohnologs inferred from RNA-Seq cDNA assemblies (Pasquier et al., 2016), this genus-specific
genome size expansion is likely caused by an accumulation of repetitive elements as already found in
a few plant species, such as Capsicum annuum and the genus Panax (Park et al., 2012; Lee et al.,
2017). In this case, the accumulation of extra repetitive elements in the region with suppression of
recombination could have inflated the size of the sex locus. A better genome assembly, which is on
the way, will help to better determine the size of the sex locus relative to LG1 and to the entire genome

of U. pygmaea.

U. pygmaea has 11 pairs of chromosomes (N=22), fewer than half the number of chromosomes
in its sister species from the Esox (N=50) and the Novumbra (N=48) genera (Beamish et al., 1971),
and lower than the average number of chromosomes in teleost fishes (N=50, Nirchio et al., 2014;
Braasch et al., 2016; Amores et al., 2017). Our comparison of the genetic map of U. pygmaea with the
genome of E. lucius showed that most chromosomes from E. lucius are mapped to a single linkage
group in U. pygmaea, indicating that the reduction of the number of chromosomes in U. pygmaea most
likely resulted from a series of simple one-to-one chromosomal fusions. The occurrence of such fusion
events without prior whole genome duplication has only been reported in Notothenia coriiceps, another

teleost species (Amores et al., 2017).
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Figure 7: Boxplots showing the first quantile, median, and the third quantile of the temporal expression of amh,
dmrtl, cypl9ala, foxI2, fst and sfl, measured by qPCR. Outliers are displayed as a dots. The logo of relative
expression of MRNA of these four genes were measured at 3, 6, 10, 14 and 20 weeks post fertilization in male
and female samples of U. pygmaea. P-value significance level is given for Wilcoxon signed rank test between
male and female expression at each time point: * P < 0.05, ** P < 0.01, *** P <0.001 and ‘ns’ indicates P >
0.05.
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In particular, our results show that the sex chromosome in U. pygmaea, LG1, results from the
fusion of the ancestral karyotypes of LG8, LG12, and LG22 of E. lucius. As the LG8 of E. lucius
harbors amh, the duplicate of which determines the sex in most Esocidae, these results open the
possibility of amh as the MSD gene in Umbra pygmaea. However, we did not detect evidence of gene
duplication nor allelic diversification of amh in this species; furthermore, amh was not differentially

expressed during gonadal development.

The gonadal development of U. pygmaea started much earlier than that of E. lucius. In E. lucius,
the MSD gene, amhby, started its expression about 8 wpf, while other gonadal differentiation markers
such as dmrtl and cyp19ala started their expression even later, around 14 wpf (Pan et al., in prep). In
comparison, the expression of six gonadal differentiation markers had already started at 3 wpf in U.
pygmaea. The expression of these markers did not increase from 3 wpf to 14 wpf, at which stage clear
morphological differentiation of the gonads could be observed, suggesting that their expression peaked
before 3 wpf. Furthermore, the PGCs of U. pygmaea had already migrated to the position of the genital
ridge at 7 dpf, enabling an early formation of functional gonads (Wylie, 1999; Starz-Gaiano and
Lehmann, 2001). Taken together, these results suggest that gonadal differentiation occurs earlier in U.
pygmaea than in E. lucius, and that earlier sampling before three wpf would be needed to capture the

molecular differentiation of the gonads in U. pygmaea.

Conclusions and perspectives

In this study, we investigated the sex determination of U. pygmaea, a member of the Umbridae,
to complement our work on the evolution of sex determination in its sister group, the Esocidae. We
analyzed RAD-Seq data from a wild population and also provided two genome assemblies, a genetic
linkage map, and early molecular differentiation pattern of the gonads of U. pygmaea to facilitate the
study of sex determination in this species. We found that U. pygmaea has an XX/XY sex determination
system and identified the sex chromosome with a well-differentiated sex locus. Although we did not
find candidate MSD genes, we identified sex markers that could be readily used as a sexing tool. In
addition, we found a much earlier engagement of gonadal differentiation in U. pygmaea comparing to
E. lucius, and provided guidelines for further molecular studies on the sex determination of U.
pygmaea. Lastly, comparison between the genetic linkage groups of U. pygmaea and the chromosomes

of E. lucius revealed considerable chromosomal fusions in the karyotype evolution of U. pygmaea.

213



214



The sequencing of a U. pygmaea genome with better continuity is ongoing, which will help
unveil the identity of the MSD gene in the near future. We will also incorporate more markers, as well
as protein synteny in the genome comparison analysis to better understand the mechanism underlying
the drastic karyotype reduction in the U. pygmaea genome.
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Supplementary: Sex determination and karyotype evolution in
the Eastern mudminnow, Umbra pygmaea

Male gonad of U. pygmaea at 14 wpf

Figure S1: Gonadal phenotypes histology of male and female U. pygmaea gonads at 14 wpf (weeks post
fertilization). PVO: previtellogenic oocytes; L: testicular lumen. Scale bars denote 100 um.

Primer name Primer sequence Amplification pattern
Up_Mtag3_Fw AAAGAAGGACAGAAAGCGAC o S

amplification only obtained in male samples
Up_Mtag3_Rv CTCATGTTTCCATGTGTTCCC
Up_Mtag8_Fw GTTATCCACTACTGCCGTTCC o )

two bands amplified in males, one band in female
Up_Mtag8_Rv GTTGCTCACATCCAATTTGAC

Up_Mtagl0_Fw AACTGAAGTGTTGGATATGGG

Up_Mtagl0_Rv CTTACAACATCCTCATTGACCA
Up_Mtagl2_Fw CCAAGCATTCATACCATGTCCT
Up_Mtagl2_Rv GTGTTCCCTGTCGTTCAATGTC

two bands amplified in males, one band in female

amplification only obtained in male samples

Table S1: Primers to genotype U. pygmaea sex based on RADSex markers. Primers were designed on contigs
containing the RADSex markers, which are included in the resulted amplicons from PCR on genomic DNA.

219



o 02 03 05
0 ———— 13510 0 ——————— 2940,5008,0234,0008.778 o TH2.2213,4081 5767, 7008 o 877628304
e :
2278 e 1407043008 10020 0 T S s e T
s —— - S [ E——
[ P S —
11596 e 4830,12725,16331,15848, 1o 1858
i p—— st ] 1881 i 2700,1660,17628
PR T — [PPSR L S——
e sonser 1870 st J—
P ez amon Py p— - —————
2% - o f———tr
——un o 1370
B ko o o~
20175 wumzuu BITE.153 s e
o0 17
S50 B BT TR AT AR [T P — ) s T
a1z T2 o0 aams BB e i ez
Far = i it
So03y - s 38118 ThaB1
B T I o e assen e
HiiH e petd A —
s = oz
PP P G E———
i p——— AR
sz su
i3 p———— | R (PRGN | E——
| Py e —r
653 240 56579 17358
5 e —
——==—
287 L e —— ]
o - e To07g.12217 20422 084
G ——— 8, i = o —— A S
Biony = i taan 1nms 0met 2% JE S @ e s
5555 144.370.2117,301 214068 i) /‘=\ 271 10897 11364 17882
I 50
2o F0 I— P —— s S
roms . ] RIS o fam——
100 e T— i i I —— i
7 5 s B
Thdy o 1 au, s 27002 e —
B =
75184 —_— 12741974 4841,17325.17 TET2 == 1316718687
R

s ﬂ jEc] Tans 187510378 M52

7% Tk =i 1

= ed e 20500 i 3206 s T

82012 T 80 proes 111 o = | T ™ f7 e zarz

— R

26 S8 vsm0 Tz, s S S S nz 128 127 i
s Tias e

s —— = LR e

e e e 92— s

YO N S—— i i S B

BeB0E — == ISA\!M\ et se0e

9070 ——— 747

108187 ———tem e ma 08
108178 a1

108577 ———m——— 21711
108,708 ———— = ———— 10835,11108.12037.2818

16660

yams s
g sz i
i ﬂﬁ%;mum e 1817 5036,11838 10535 16843
T HE— et
Sarimoomamzeini2 B

lies iy

e =i

PP E—— 2] T B f———
ot ———— e o

ks Thvsszsesz osasor e ———

e g i g 10

4 17922781

e e b o e ——
129907 223016708 s —ﬁ»—mm 2192 — = 2088127702804
et Snidiits

tEE] e

sses = T8
06 i ———— 70N 848020865

0 800613788
——
P R S+ 2N 33485 ;strwum

o7 20388 ——— == 310 27208 1 - 16575
e e— ] 11013 2080, 12011 18820 e —— o 187 3611038
293 —T———— 1304317241 B A e —
—_— —— 278
oo 150308 198 13088 21042 a2 e pr ez

153074 ——— g 573,1748,1505.2083.3544.
IB44B) ——————— 340820122

29304 ——— = 12114235T8274TE
pu——— Y

13 Frd
22493 =] 13574
249 — S
2235 2
SOBIT = GORD.17028,18819.23607
789 ——mm 12 37505 - 456111532 13476,15081
FiH ety e — e—- 111
67T ——— = 13025
86720 ——gmm——— 732035
Lz 2072 am ——— ==z
B e —

et J—— — 49550 i 5700

T —— Gl mese

T = T2
3873 ———— e 1268

e ——
50508 iy 0 08 10073
e s e Y -
47002 :ﬁ: 1232 1086 < —_——— 18416
inoat 731.1828.1158 anen 5034 B Jroist,
sa169 = 1 e
RA——
P —— m— | LY
- —— S— O
L o PR L ——
P — ) i 2500 1038 — = 17008
e _/_.:._\_ 1720021042 20083 JLTTE ——— PE T
j——ant .1 L —— e som — B
PR - f— sap _—— = G801 1284 2208 2508
20049 25300 s =
[T ——
7695 ——f——— 11747
3 o e e . i
5 == 1
st T 0488 ——— s 1205 15108 $327.10774 10020 20080,
i 450 730 531 00131952 M s B e it
80082 12916 2996 ——— === —_ 5563 12005
o e 174 — 3019
TaT2 * Sm mzm zan 10
BSAL —— T ——— 1473 % 2311,4129,17096.1 9090
e — Sy 218 10000747
o) — e 1 i}
e —r P
J— 9826 == 18516.24946.
95283 15285 e — g -} ;)
maw —— = s 22 i
g ——==—— maeraroar osan zooe

arsen ——

108785 ———————— 14753

118222 141627268

627208
i Va7 751 v3nm 2m40s
it = o e
15307 m

Figure S2: A sex-averaged map of the 11 linkage groups of U. pygmaea. For each sex, numbers at the left side
of the linkage map indicate cumulative distances in cM and ID of the markers are listed on the right side.
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Primer name

Primer sequence

Target gene

UP_dmrtl F
UP_dmrtl R
UP_foxI2_F
UP_foxl2_ R
UP_amh_F
UP_amh_R
UP SF1 1 F
UP_SF1 1R
UP_cypl9ala F
UP_cypl9ala R
UP_Fst 2 F
UP_Fst 2 R
UP_Ractin_F
UP_Ractin_R
UP_EFla_F
UP_EFla R
UP_gapdh_F
UP_gapdh_R
UP_eftud2 F
UP_eftud2 R
UP_ubr2 F
UP_ubr2_R
UP_ccdcbb F
UP_ccdc6b R

TGCGTCGTCAACAAGCACAG
GCTCATTCTTCACCACCACATC
GGCACAACTTGAGTCTGAACG
CAGGTAGCCGTATCCATCCC
ACAAGACCCTTAGGCACCAT
TCAACAATAATTCGCCATCCC
GTGACCGAGCCCTGAAACAG
TCCGTGGCAGTGATGGAGAT
GTTCTTCCTCAAGCCCAATG
TACCGTGACAACAAAGTTACCAG
AAACGGAAGGTGTCAGGTGC
CATCCATCGGAACAAAGTGC
CCTCGGTATGGAGTCTTGCG
CTGTCAGCGATGCCTGGGTA
ATCCGTCGTGGTAATGTGGC
TGAACTTGCAGGCGATGTGA
CTGTCACCGCCACCCAGAAG
TGCCAGTGATCTTGCCGTTC
TCACTAAGAAAGCGCCAACC
TGTCACAGTCACCCACCACC
AGGAAGCGTAAGGCGGAGAT
AGTGAGGAAGAGGTGGTGGC
AAACCAGGCGTGGTGATTTCT
CTGCTCTGGCTTGGATTGTGA

dmrtl

foxl2

amh

sfl

cypl9ala

fst

-actin

efl-a

gapdh

eftud2

ubr2

ccdcbb

Table S2: Primers used for gPCR, with primer name, sequence and target genes.

Genome Sex Total length N50 contig length | L50 contig count
Discover genome | male 1.95 7736 61111
10x genome male 151 19366 1642

Table S3: Assemblathon’s metrics of the two genome assemblies for U. pygmaea.
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Section 1V:

Perspectives
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The importance of AMH in teleost sex determination

In my thesis project, we identified and characterized a male-specific duplicate of Anti-
Mdillerian hormone, that we named amhby, as the MSD gene in the Northern pike, Esox lucius. We
demonstrated that amhby is the result of an ancient duplication event that occurred prior to the
diversification of the Esocidae between 65 and 90 Mya, and we found a tight association of amhby
with the male phenotype in most Esocidae. Prior to our studies, other members of the amh pathway
were already identified as MSD genes in teleosts (Bej et al., 2017; Hattori et al., 2012; Li et al., 2015;
Rondeau et al., 2016). Our discovery of amhby in Northern pike and its conservation as a MSD gene
in several Esociformes strengthen the prevalence of the members of the amh pathway as important SD
genes in teleosts.

This prevalence could be explained in part by the difficulties to identify MSD genes that do not
belong to the ‘usual suspects’ families, namely, DMRT, SOX, and TGF-B, which contains AMH
(Herpin and Schartl, 2015; Heule et al., 2014; Kikuchi & Hamaguchi, 2013; Pan et al., 2017). Yet,
among these usual suspects, members of the amh pathway are still the most recurrent identified MSD
genes in teleosts, which could suggest a central role of this pathway in sex determination in this group
of vertebrates. However, most of the current knowledge on amh pathway members and their
interactions comes from research on therian mammals in which AMH does not contribute to the
determination of gonadal fate (di Clemente et al., 2003; di Clemente et al., 2010; Josso et al., 1998;
Josso et al., 2001; Josso et al., 2005). It is thus difficult to directly apply this mammalian knowledge
to the understanding of the MSD function of the members of the amh pathway in other vertebrates. In
particular, the teleost clade experienced a whole genome duplication, and several teleost lineages even
experienced additional rounds of whole genome duplication (Bernot et al., 2004; Christoffels et al.,
2004; Glasauer & Neuhauss, 2014). The genetic redundancy introduced by these whole genome
duplications provided opportunities for gene neofunctionalization. In the TGF-f super family, to which
AMH belongs, neofunctionalization could then generate novel interactions and regulations between
TGF-B members, resulting in a more complex regulatory network than what is known in mammals.
Therefore, there is a real need to comprehensively study the interactions and regulations of the TGF-3
super family in a model teleost species to better understand why this protein family plays such an

important role in sex determination in teleosts.
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Despite the absence of a teleosts-specific framework describing the Amh pathways, several
questions raised by our results could already be addressed using specific approaches to understand how
amh duplicates could acquire a MSD function.

First, one unique characteristic of the duplication of amh in Esox lucius, as opposed to amh
duplications in other teleosts, is the level of sequence divergence between the paralogs which lead us
to hypothesize that the two proteins may have diverged in their functions. To investigate this
hypothesis, we already performed in vitro transfection experiments to determine if Amha and Amhby
use different downstream pathways for signal transduction. However, results from these preliminary
experiments were very difficult to interpret and were thus not included in this thesis. One reason for
this difficulty could be that the experiments were performed using mammalian cell lines, that do not
account for potential fish specific regulations. To address this problem, such transfection experiment
could be performed in fish cell lines instead. Beside these transfection experiments, several approaches
could provide evidence for a divergence in the functions of the two amh paralogs. Using yeast two-
hybrid screening (Y2H) in complement with immunoprecipitation, we could identify whether each
amh paralog protein binds to different receptors and characterize these receptors, which would set the
foundation to study a potential divergence in the downstream signaling pathways of these proteins. In
addition, 3-dimensional modeling could potentially reveal how structural differences between the two
proteins lead to the observed divergence in their functions.

Another result showing that mechanisms differing from the canonical mammalian ones could
be involved in the MSD function of amh duplicates in teleosts is the identification of male-associated
truncated amhby in Esox niger and Novumbra hubbsi. Prior to our study, a truncated male-specific
amh duplicate was identified as strong candidate for male MSD gene in another teleost species (Bej et
al., 2017). However, the truncations identified in our studies are particularly intriguing, because they
lead to strong modifications of the TGB- domain, suggesting that a canonical Amhby protein is not
required to trigger the sex-determination pathway. It is worth noting that these results are derived from
genomic assemblies, and the first step to validate them would be to characterize the mRNA sequences
and expression pattern of amhby in Esox niger and in Novumbra hubbsi. One foreseeable difficulty in
this experiment is that both species are restricted to specific areas of North America. In addition,
Novumbra hubbsi is a protected species found in only one national park, and it is very difficult to
obtain live samples for this species.

In summary, our findings provide opportunities to study whether amh duplicates with MSD
function use the canonical amh pathway in the teleosts, which would offer insights on the factors
underlying the prevalence of amh as MSD gene in this group of vertebrates. Nevertheless, a
comprehensive study of the amh pathway and of the TGF- family in the teleosts is necessary to
fully understand this evolutionary trend.
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Evolution of sex determination (SD) systems

Our study constitutes the first nearly complete survey of SD systems in an order of teleosts.
Our results revealed a dynamic evolution of SD systems with several suspected transitions, intertwined
with the branching fate of an old MSD gene, amhby. These results from a single order of fishes mirror
our knowledge of the fast turnover of SD systems in teleost fishes in general, but our ability to connect
these transitions with changes in the MSD gene provided novel insights on the mechanisms driving

this turnover.

The most surprising and interesting finding in this thesis is probably the rapid loss of the entire
sex locus containing amhby in the North American populations of E. lucius. This finding is especially
intriguing because even though the North American populations diverged from the European
populations less than 200,000 years ago, the chromosomes pair which harbors amhby and shows strong
differentiation between sexes in the European populations resembles autosomes with no differentiation

between sexes in the North American populations.

Based on our current data, we think the most likely scenario to explain this complete loss of
sex locus is that the small founder population of North American E. lucius was composed of mostly
genetic females, some of which experienced sex reversal and became phenotypic males. In this
scenario, the sex locus was either absent from the North American population entirely or was initially
rare and then lost by drift. In the absence of a sex determiner, environmentally induced sex reversal
could have served as a mechanism to generate phenotypic males in the population. Under this
hypothesis, the turnover of SD system was not driven by the emergence of a new MSD gene, but rather
by a sudden and complete loss of the old MSD gene. This scenario was never documented empirically,
and is not predicted by the current models of sex chromosome evolution and transition. In addition,
this scenario would highlight the importance of the interactions between environmental SD and genetic

SD in the evolution and transition of SD systems in teleost fishes and other Poikilotherms.

Following the characterization this loss of the ancestral sex locus in the North American
populations of Northern pike, the naturally following question is what SD system and potential new
MSD gene are currently operating in these North American populations? To begin answering this
guestion, we recently resequenced whole genomes of pooled males and pooled females from one North
American population, an approach that provides a much better resolution than our initial RAD-Seq

experiments.
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Our preliminary analysis of these pooled sequencing experiments suggests an even more surprising
evolution as we found two small genomic regions strongly enriched in female-specific heterozygous
sites, indicating that a ZZ/ZW SD system could be operating in this North American population of E.
lucius. If these results are confirmed, they would constitute the most rapid natural transition from
XXIXY system to ZZ/ZW system documented to date. In addition, this scenario would provide a
unique opportunity to study the competition between two SD systems by crossing individuals from the
two populations. Results from such crossing experiments would provide unique insight on the
mechanisms of transitions between different SD systems.

Beside these surprising finding on North American populations of Esox lucius, our results
suggest that some other Esociformes species rely on non-monofactorial SD systems either with amhby,
as in Esox masquinongy, or without amhby, as in Dallia pectoralis. In E. masquinongy, amhby showed
varying levels of dissociation from male phenotype in different populations, as well as multiple amhby
alleles, sometimes even in the same individual; both results could be explained by a polygenic system
with two pairs of sex chromosomes. In D. pectoralis, we found both male-biased and female-biased
markers, also suggesting a polygenic system, and amhby was not found in the genome of this species.
Interestingly, theoretical work predicts that polygenic SD systems are not stable, and would most likely
represent transitional stages of sex determination (van Doorn, 2014). Because many teleost fishes show
a fast turnover of SD systems, it is probably not surprising to capture one of these ongoing transitions
of SD systems. However, although our results support this hypothesis of potential polygenic SD
systems in E. masquinongy and D. pectoralis, we need to confirm these findings on new biological
samples and with additional resequencing experiments. After validating the sex association of these
markers, crosses of breeders with different combinations of genotypes could be performed to isolate

the sex determining regions and understand their epistasis.

In Umbra pygmaea, we found a monofactorial XY SD system, but this species diverged from
the Esocidae before the birth of amhby, and thus another gene is regulating sex determination in this
species. Because of the large size of the sex locus identified in U. pygmaea, we hypothesized that the
sex chromosomes have been evolving for a long time, with an old MSD gene which could potentially
be the ancestral MSD gene in the Esociformes prior to the recruitment of amhby in the Esocidae.
However, the genome of U. pygmaea is twice the size of the genome of other Esocidae which probably
due to an accumulation of transposable elements. The assembly of a genome with better continuity,
which has already started, will allow us to compare the accumulation of transposable elements in the
sex locus compared to the rest of the genome, and will thus help us estimate more precisely the cause

of the large size of the sex locus, and potentially even the age of the sex locus.
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Appendix

Induced spawning of Eastern mudminnow, Umbra
pygmaea

Q. Pan?, A. Patinote!, F. Borel?, H. Verreycken?, A. Herpin?, Y. Guiguen'®, J. Bobe?, H.
Rime?.

LINRA, Fish Physiology and Genomics laboratory, 35042 Rennes, France
2 Research Institute for Nature and Forest (INBO), Kliniekstraat 25, 1070, Brussels, Belgium

Abstract
Objective

Umbra pygmaea (Eastern mudminnow) is invasive in Europe and holds potential ecological
importance in aquatic ecosystems characterized by increased acidity. The reproduction of this species
has only been documented in natural habitats, while information on how to breed them in captivity is
scarce.

Results

In our study, we used partially purified gonadotropins (PPGs) from Chinook salmon to induce final
gamete maturation in male and female U. pygmaea. Subsequently, we performed in vitro fertilization
that allowed us to follow the development of the embryos, and we present here a time series of
embryonic development from the first cell division to hatching. Additionally, we noticed that under
our treatment, captive U. pygmaea females and males did not have a synchronized reproductive season.
Overall, about 30% of the treated females showed a reproductive response and produced either ovules
or immature oocytes. We also investigated factors influencing the success of female spawning in our
protocol; both female weight and timing of the PPGs treatment during the reproductive season were
positively correlated with spawning success. These results could potentially facilitate the development
of U. pygmaea as a model species for studying other Esociformes species.
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Introduction

The eastern mudminnow is one of the five species of Umbridae (Esociformes). It is a small
freshwater fish from the east coast of the U.S.A [1, 2]. It was introduced in Europe at the beginning of
the 20" century [1, 3], and is considered low-medium risk as a result of its moderate invasiveness [3].
It is also an exceptionally acid-tolerant species [2, 4, 5] that might play an important role in aquatic
ecosystems characterized by increased acidity [5]. Reproduction of U. pygmaea has only been
documented in a few ecological reports [5, 6], which describe spawning from April to May [6] after
migration to spawning sites, male courtship displays, and nest guarding by both males and females [1,
7]. However, the ability to breed this species in captivity has not been successful. Spawning induction
has been performed in many teleost species, and hormonal induction provides direct control over the
final stages of the reproductive cycle [8], facilitating downstream practices, such as in vitro
fertilization. The main goal of our study was then to develop an effective spawning induction protocol
in U. pygmaea in order to facilitate its usage as an experimental model for other Esociformes species,
which could be hard to maintain in captivity, i.e. the northern pike (Esox lucius), or are ecologically

venerable, i.e. the European mudminnow (Umbra krameri).

Material and Method

Fish collection

The population of eastern mudminnows (U. pygmaea) used in this study was sampled in
Flanders, Belgium. Eastern mudminnows were captured using electric fishing gear in a pond and
connecting ditches in a nature reserve in the vicinity of Genk (Belgium). Exact coordinates (latitude
and longitude) of the pond are 50°57'12.84"N and 5°27'16.54"E. U. pygmaea is a non-native species
in Belgium and is not protected by any legislation there. These U. pygmaea were transported alive to

an indoor experimental facility located in Rennes (France).
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Week number Dosage of PPGs Number of female Number of male
1 100ug/Kg 5 5
1 500u0/Kg 5 0
1 1000ug/Kg 5 0
2-5 100ug/Kg 0 S
2-5 500ug/Kg 5 0
2-5 1000ug/Kg 5 0

6 100pg/Kg 0 5

6 500p9/Kg 4 0
7-9 100p0/Kg 0 5
7-9 1000ug/Kg 10 0

Table 1: The concentration of PPG (ug/kg of fish weight) used and the number of animals that received
PPG treatment each week since the 1st week at the beginning of March 2016.
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Laboratory rearing conditions

Mudminnows were maintained indoor in 1 m2 tanks filled with 200 liters of dechlorinated local
water (pH=8) filtered with a recirculating system. Tanks were enriched with artificial aquarium plants
and polyvinyl chloride (PVC) plastic tubes. Rearing temperature followed the trend of external natural
temperature. The photoperiod scheme used also mirrored the natural conditions. A detailed table can
be found in the supplementary material (Additional file 1, Table S1). Mudminnows were fed with
bloodworm larvae (Berkley Powerbait Micro Blood Worms) three times per day. To facilitate
individual identification, each mudminnow was implanted in early January 2016 with a magnetic
microchip from the National Nanotechnology Center (Nanotec). Around the end of February 2016,

fish of different sex were separated in different tanks to prevent spontaneous natural reproduction.

Spawning induction

Animals scheduled to be treated in the upcoming week were maintained in separation in smaller
5 L tanks 2 days prior to the experiment. Feeding was stopped for these animals to facilitate the
collection of clean eggs and sperm. From preliminary experiences, we knew that spermiation was
relatively easy to obtain in males and that induced spawning of females was the limiting step in
achieving effective controlled reproduction of captive U. pygmaea. As a result, we decided to include
more females in each induction experiment, and to treat them with higher concentrations of hormone.
We then used 5 males and 10 females for weekly induction treatments, and individuals of different
sexes were always kept separately. In total, 59 females and 30 males were used in the first round of

experiments starting from the beginning of March.

Each treatment cycle lasted for about one week. On experiment day 1, after anesthetizing the
animals with phenoxyethanol (0.3 ml/l), we administered PPGs directly into the abdomen of both male
and female fish using a 5 mL syringe with a 0.45x12 mm needle. The treatment used in these
experiments was PPGs from Chinook salmon containing around 1.8% follicle-stimulating hormone
(FSH) and 98.2% luteinizing hormone (LH) [8]. All fish were weighed before the experiment, and the
amount of PPGs used was proportional to the body weight of the animals; males were treated with
PPGs at a ratio of 100 pg/kg, and half of the females were randomly treated with PPGs at a ratio of
500 pg/kg while the other half received 1000 ug/kg. Afterwards, animals were released back into the
same small tanks and feeding was not resumed. The concentration of PPGs used and the number of

animals that received PPGs treatment each week are detailed in Table 1.
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Figure 1: Developing U. pygmaea embryos at 12°C. A: 30 minutes after fertilization, 1-cell stage; B: 2 hours
after fertilization, 2-cell stage; C: 3 hours after fertilization, 4-cell stage; D: 5 hours after fertilization, 8-cell
stage; E: 24 hours after fertilization, blastula period; F: 28 hours after fertilization, gastrula period, germ ring
stage; G: 3 days post-fertilization, segmentation period and eyes started to form; H: 4 days post-fertilization; I:
7 days post-fertilization; J: 8 days post-fertilization; K: 9 days post-fertilization, hatched embryo. Scale bars

denote 500 nm.
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On day 3, a second PPGs treatment at the same concentration and volume was delivered. On
day 5, females were checked for ovulation by gentle abdominal pressure while applying a sliding
motion towards the vent. When ovulation was observed, the stream of eggs was directed towards a
clean and dry petri dish. Sperm was collected from a single male to perform in vitro fertilization using
Actifish medium (IMV Technologies, France) according to the producer’s protocol. Afterwards,

individuals were returned to the main tanks with the rest of the population and feeding was resumed.

For females that did not show response during the first experimental round from March to
April, we carried out a second round of induction treatment from the end of April to the end of May.
We followed the procedure used during the first experiment, with the exception that all females were
treated with gonadotropins at 1000 pg/kg and all males at 100 pg/kg. In vitro fertilization was
performed when eggs were obtained.

Embryo development characterization

We followed the development of a single clutch of eggs. Embryos were placed in 1x
Yamamoto’s embryo-rearing medium [9] and kept in an incubator at a temperature of 12°C. The
medium was changed and dead eggs were discarded every day. To record the development, we took

pictures at different developmental stages from 30 minutes post-fertilization until hatching (Figure 1).

Statistical analyses

To understand the factors influencing the success of female spawning with our protocol, we
analyzed our results using a logistic regression model, with female ovulation as a binary response
variable with three explanatory variables: female weight, concentration of PPGs used, and timing of
treatment. We only considered data from the first experimental round of spawning induction, which
included the first 6 weeks of induction experiment. We represented the timing of treatment as the week
in the experiment during which a female received the induction treatment (see Additional file 1, Table

S2). We fitted this model to our data using the glm function from the stats package in R (version 3.2.2).
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Number of

Female ID Weight (g) treatment Spawning date  Concentration of PPG ~ Week number
received

5 6.0 1 41412016 3
500ug/kg

12 14.0 1 11/4/2016 4
500ug/kg

26 145 1 13/04/2016 4
500ug/kg

48 12.2 1 18/04/2016 >
500ug/kg

84 43 1 18/04/2016 >
1000ug/kg

13 5.0 1 25/04/2016 6
500ug/kg

170 5.3 1 27/04/2016 6
1000ug/kg

55 5.6 2 6/5/2016 7
1000ug/kg

43 7.9 2 17/05/2016 8
1000ug/kg

66 5.0 2 17/05/2016 8
1000ug/kg

100 9.6 2 27/05/2016 9
1000ug/kg

Table 2: Weight, the number of treatments, spawning date, treatment concentration, and the week of
treatment of the 11 females that successfully spawned and produced viable eggs after fertilization during our
experiment.
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Results

Induction of spawning in both males and females of U. pygmaea

During the entire experimental period from early March to late May, we did not observe any
case of spontaneous spawning in females. Additionally, during each week’s induction experiment,
none of the females showed any sign of ovulation upon egg stripping until after a second administration
of PPGs. During the first and second weeks of the first induction experimental round (third and fourth
weeks of March 2016), some females already produced either immature or mature oocytes after the
treatment. However, oocytes produced by these responsive females could not flow freely from the vent
upon stripping, and did not develop normally after fertilization. Starting from the third experimental
week (first week of April), we were able to obtain viable ovules from a few females every week.

In order to maximize ovule production, we performed a second round of PPGs induction.
Starting from the 7th week of the experiment (late April), we obtained ovules from five PPG-treated
females that did not respond to the first induction. None of the females that responded to the first round
of treatment were able to produce ovules again after the second treatment. Surprisingly, although
females continued to respond to the treatment in the second round of PPGs induction until the end of
May, males stopped producing sperm before the end of the experimental period.

Overall, we applied PPGs treatment on 59 females and 31 males. Among them, 19 females
(32.2 %) responded to the treatment by producing immature oocytes or ovules, and 11 of these females
(18.6 %) produced eggs that developed normally after fertilization (Table 2).

Statistical analysis on factors influencing the success of induced spawning in
female U. pygmaea

We examined potential factors that could influence the outcome of induced spawning in female
U. pygmaea which included: 1) weight, 2) concentration of PPGs, and 3) timing of the treatment. The
logit model shows that two factors were positively correlated with the success of induced spawning:
female weight (p = 0.018) and the timing of injection (p = 0.001). The concentration of PPGs did not
seem to have a significant effect on the response to the treatment (p=0.397). A regression plot for each

explanatory variable can be found in Figure S1. Data used for this analysis is presented in Table S1.
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Development of U. pygmaea embryos

We followed the development of a single clutch of U. pygmaea embryos from fertilization until
hatching, and a chronological timeframe for different developmental stages is presented in Figure 1.
The newly fertilized eggs stayed at the one-cell stage for about two hours before the first cleavage
occurred. The embryos reached the blastula stage 1 day post-fertilization (dpf), and reached the
gastrula stage the next day. After three days, the embryos reached the segmentation period, and eyes
started to form. On the 8th day post-fertilization, some embryos started to hatch. Asynchrony of

hatching was observed, but all embryos had hatched by the 11th day.

Discussion

U. pygmaea is a small-sized, easy to maintain member of the Esociformes that is suitable to be
developed as an experimental model to study other Esociformes species. In this study, we designed a
protocol to successfully induce spawning in a wild-caught population of U. pygmaea under laboratory
captivity conditions. We also provide a time-series of embryonic development of this species to
facilitate future studies on the development of U. pygmaea. We noted that hatching started around 8
dpf when incubated at 12°C, and this was comparable to the development timings reported for its
European sister species U. krameri [10, 11].

Additionally, we investigated the factors that could influence female spawning success in our
protocol, which included: 1) weight as a proxy for age, 2) concentration of PPGs treatment, and 3) the
timing of PPGs treatment. We found that female weight and timing of treatment were the two
parameters that had the most impact on the success of induced spawning in our protocol, while the
concentration of PPGs did not show a strong influence. In our analysis, weight was used as a proxy for
age as the precise age of the wild-caught individuals was unavailable. We found a positive correlation
between the weight of the female and the success of spawning. This result agrees with the previous
observation by Dederen and colleagues [5], who reported a positive correlation between fecundity and
weight in U. pygmaea. It is worth noting that while we identified factors impacting the success of
induced spawning, the genetic background of the females could have also contributed to the success

of reproduction in captivity.
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Another interesting point to note was that the periods of spawning of males and females under
PPGs induction were not exactly synchronized. As complicated reproductive behavior is observed in
this species in nature, inhibition of behavioral stimuli due to separation of the two sexes in captivity
could be the reason for this observation, which has also been documented in other teleost species [12].

Limitations

e Inour study, we did not have replicates in testing parameters in our protocol, as our main goal
was to induce spawning instead of investigating these factors.

e We also did not identify the peak of reproductive season for U. pygmaea as the small number
of animals used in each week’s treatment could not confer statistical power.

e Lastly, our results were generated within one reproductive season, leaving yearly variation

unclear.
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Supplementary: Induced spawning of Eastern mudminnow,
Umbra pygmaea

no ovulation . .

female ovulation-

3

* Wgek :
Figure S1: Female ovulation as a response variable with three explanatory variables: week (timing of
treatment), weight (proxy for female age), and concentration of PPG administrated.

] 8 a

10
Weight

N

0

Experiment week 1D

Time of light on

Time of light off

1 06:45 19:15
2 06:30 19:30
3 06:15 19:30
4 06:00 19:45
5 05:45 20:00
6 05:30 20:00
7 05:15 20:15
8 05:00 20:30
9 05:00 20:46

Table S1: Photoperiod scheme applied on Umbra pygmaea in captivity during the experimental period of

induced spawning.
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12
26
48
84
13
170
55
43
66
100
158
123
56

71
197
174
140
133
136
118

17

69

74
194
170
129
111

91

92

21
159
165
148
121
184
178
144

38

55
156

Weight

14
14.49
12.16

4.28

5.28
5.57
7.9
5.04
9.64
6.5
3.85
5.84
6.5
6.73
5.83
7.8
8.13
4.29
5.2
9.77

4.7
7.8
3.07
53
7.5
7.2
8.1
6.8
6.5
6.6
5.9

5.15
4.23
6.37
5.32
5.05
5.57

8.9

PPGs Concentration

10
10
10
10
20
10
20
20
20
20
20

N N NN NN

10
10
10
10
10
20
20
20
20
20
10
10
10
10
10
20
20
20
20
20
10
10
10
10
20
20
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155 7.3 20 N 3
150 8.05 20 N 3
35 3.16 20 N 3
15 4.49 10 N 4
157 4.95 20 N 4
43 7.9 10 N 4
153 5.5 10 N 4
66 5.04 20 N 4
130 5.17 20 N 4
72 6.2 20 N 4
33 6.15 20 N 4
97 3.95 10 N 5
100 9.64 10 N 5
88 6.24 10 N 5
68 7.53 10 N 5
64 8.02 20 N 5
77 4.23 20 N 5
177 4.6 20 N 5
99 6.58 20 N 5
28 4.96 10 N 6
200 4.45 10 N 6
57 4.73 10 N 6

Table S2: Data of female 1D, female weight, timing of PPGs treatment, concentration of PPGs used

and success of egg production as a binary factor.
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Summary:

Teleost fishes, the most species-rich clade among vertebrates, employs an astonishing diversity
of sex-determining (SD) mechanisms, including environmental and genetic systems. Recent studies
identified many new genetic regulators in fish sexual development that lead to the notion of an
‘evolutionary playground'.

This thesis project aims to provide a complete picture of the evolutionary dynamic of SD
systems within a small order of teleost, Esociformes. In our focal species Esox lucius, we identified a
duplicate of a member of the TGF-p family - a family which has emerged to provide crucial pathways
regulating sex in teleost to be the master SD gene. We obtained functional proof of its role in SD, its
interaction with environmental factors and insights on the evolutionary processes in its acquisition of
a new function after duplication. While the gene is lost in another population of the same species
rapidly possibly during post-glacial recolonization process, it is well conserved among different
species. Meanwhile, additional transitions of SD system have also been identified in a sister Esox
species. Moreover, in the most distant genera Dallia and Umbra, the Esox master SD gene is not
present and we found different SD mechanisms with novel SD genes that adds additional layers of
complexity to this group, which mirrors the observed high genetic plasticity in teleost SD.

Résumé:

Les téléostes, le clade possédant le plus d’especes parmi les vertébrés, emploient une saisissante
diversité de mécanismes de détermination du sexe, incluant des mécanismes génétiques et
environnementaux. Des études récentes ont identifié de nombreux nouveaux régulateurs génétiques du
deéveloppement sexual des poissons et ont introduit la notion de “terrain de jeux évolutif” pour qualifier
ce domaine.

Dans ce projet de thése, nous avons étudié¢ I’ensemble des dynamiques évolutives des
déterminants du sexe dans un ordre de téléostes, les Esociformes. Dans notre espece focale, Esox
lucius, nous avons identifié qu’une duplication d’un membre de la famille des TGF-3, une famille qui
a emergé comme fondamentale dans la régulation du sexe chez les téléostes, agit comme géne
controlant la détermination du sexe (MSD). Nous avons obtenu des preuves fonctionnelles du réle de
ce gene en tant que MSD ainsi que de nouvelles informations sur les processus évolutifs régissant
I’acquisition de fonction d’un MSD apres duplication. Ce géne a disparu dans une population de la
méme espéce en Amérique du Nord, malgré sa générale conservation parmi les autres Esociformes.
Dans certains Esociformes, d’autres systémes de détermination du sexe ont été identifiés. De
plus, dans des clades plus distants comme Umbra et Dallia, le MSD d’Esox n’est pas présent, et
d’autres mécanismes implicants de nouveaux MSD ont été identifiés. Ces résultats complefixient
I’histoire evolutive de la détermination du sexe dans ce groupe, qui refléte la plasticité génétique
observée dans les téléostes en général.

253



Utiliser ou ne pas utiliser un géne de détermination du sexe : évolu-
tion des systéemes de détermination du sexe chez les Esociformes.

Les téléostes, le clade possédant le plus d’espéces parmi les
vertébrés, emploient une saisissante diversité de mécanismes
de détermination du sexe, incluant des mécanismes génétiques
et environnementaux. Des études récentes ont identifié de nom-
breux nouveaux régulateurs génétiques du développement sexuel
des poissons et ont introduit la notion de “terrain de jeux évolutif”.
Le but de ce projet de thése est de donner une vue compléte des
dynamiques évolutives des déterminants du sexe dans un ordre
de téléostes, les Esociformes. Dans notre espéece focale, Esox
lucius, nous avons identifi€ une duplication d’'un membre de la
famille des TgfB - une famille qui a émergé en tant que fondamen-
tale dans la régulation du sexe chez les téléostes - comme MSD
(gene contrélant la détermination du sexe). Nous avons obtenu
des preuves fonctionnelles du role de ce gene en tant que MSD,
de son interaction avec des facteurs environnementaux, ainsi que
des nouvelles informations sur les processus évolutifs régissant
I'acquisition de fonction aprées duplication. Ce gene est perdu dans
une population de la méme espéce en Amérique du Nord, mais il
est conservé parmi les autres Esociformes. En paralléle, d’autres
systemes de détermination du sexe ont été identifiés dans des
especes proches. De plus, dans des clades plus distants comme
Umbra et Dallia, le MSD d’Esox n’est pas présent, et d’autres mé-
canismes implicants de nouveaux MSD ont été identifiés, comple-
fixiant I'histoire évolutive des MSD dans ce groupe, qui refléte la
plasticité génétique observée dans les téléostes en général.

Mots-clefs : détermination du sexe, chromosomes sexuels, AMH,
Esociformes, évolution
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