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ABSTRACT

Understanding how genotype maps to phenotype is critical to understanding how evolution
can generate and maintain biological diversity. Hybridization provides a great resource to pinpoint
genes of interest, disentangle multivariate effects on fitness, and measure evolutionary change in
real time. New mutations arising in diverging species can interact negatively in hybrids, generating
what is known as hybrid incompatibilities. A famous example of hybrid incompatibility comes
from distantly related laboratory hybrids between Xiphophorus species that cause malignant mel-
anoma. This study utilizes an ongoing hybridization process in natural conditions in other
Xiphophorus species to study the genetic basis and evolutionary persistence of melanoma in the
wild.

Xiphophorus birchmanni is polymorphic for a coloration pattern on its caudal fin called
spotted caudal (Sc). X. malinche lacks this pattern. X. birchmanni — X. malinche hybrids are also
polymorphic regarding Sc and its expression can vary from a few black spots to extremely malig-
nant melanoma. A study of juvenile vs adult Sc frequencies suggests that the phenotype is under
natural selection in high incidence hybrid populations and therefore I tested whether sexual selec-
tion contributes to its maintenance. Visual mate choice trials showed that neither X. birchmanni
nor hybrid females prefer spotted over non-spotted individuals. Future studies should further char-
acterize environmental factors or other traits associated with Sc that might be favored by sexual
selection via mate choice or intrasexual competition.

To identify the genetic basis of the trait, | performed a Genome Wide Association Study in
a X. birchmanni population and determined that a previously known potent oncogene (xmrk) is

responsible for driving the expression of the pattern. This was followed by a population ancestry



and admixture mapping study that proposed adgre5 and xmrk as the genes responsible for the
hybrid incompatibility causing melanoma. | performed functional cell culture and transgenic ex-
periments to determine that adgre5 acts as a tumor suppressor gene.

As far as | know, this is the only study that combines behavior, genomics and molecular
biology techniques in an integrative approach to identify and functionally test a hybrid incompat-

ibility (melanoma) to the single gene level in naturally occurring hybridizing species.
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CHAPTER I

INTRODUCTION

Understanding the ultimate and proximate mechanisms that maintain genetic variation for
discrete traits in a population remains a challenge for evolutionary biology. In particular, the evo-
lutionary mechanisms underlying the maintenance of color polymorphism have been studied for
a long time, and yet color polymorphism still remains to be explained in most studied groups
(Gray and McKinnon, 2007). Because variation in color can affect both natural and sexual selec-
tion, it is of particular evolutionary importance. The study of the causes and consequences of
color variation transcends behavioral, developmental, physiological, and ecological biology.
Most importantly, since pigmentation traits have historically been the most tractable at the ge-
netic level, they provide an excellent opportunity to study molecular evolution (Kronforst et al.,
2012). Most of our knowledge comes from well-established animal models such as Drosophila,
butterflies, spiders, sticklebacks, cave fish and lizards, but there are plenty of emerging systems.
Xiphophorus is one of them.

Drosophila pigments consist of dark melanins and light sclerotins. Different physiologi-
cal studies of their pigmentation patterns and their association with thermoregulation (Brisson et
al., 2006; Gibert et al., 1999), resistance to desiccation (Jacobs, 1985; Wittkopp et al., 2011) and
susceptibility to nematode infection (Dombeck and Jaenike, 2004; Jacobs, 1985) have provided
conflicting observations suggesting the relation between pigmentation and physiology is com-

plex and that it may depend not on the color itself but on their role as structural components of



the insect cuticle. Drosophila’s pigmentation genes were discovered thanks to decades of classi-
cal Drosophila genetics and biochemical approaches (Lindsley et al., 1968) (reviewed in
(Wright, 1987)). In order to produce any pigment, first, tyrosine must be converted to dihydroxy-
phenylalanine (Dopa) by the tyrosine hydroxylase enzyme encoded by the pale gene. Dopa can
be then converted to black melanin by extracellular enzymes encoded by the yellow gene family
or into dopamine which will then become brown melanin (yellow gene family) or used to pro-
duce light pigments. The ebony gene converts dopamine to N-p-alanyldopamine (NBAD), the
precursor of yellow sclerotin, while the tan gene reverses this synthesis. Colorless sclerotins can
be produced when the family of dopamine-acetyl-transferases (DATS) convert dopamine to N-
acetyl dopamine (NADA). This nonlinear (reversible) pathway implies that multiple genetic
paths can result in the same phenotype. For example, since dopamine is the precursor to both
brown melanin and yellow sclerotin, darker pigmentation can be produced either by increasing
the synthesis of dark pigments or by decreasing the synthesis of light pigments. Moreover, be-
cause Drosophila pigments are secreted by epithelial cells in a cell-autonomous manner, color
patterns also depend on the spatial regulation of the pigment enzymes. Indeed, many evolution-
ary independent correlations between gene expression and pigmentation pattern exist (Koopp,
2009). In the Kronforst et al. (2012) review the authors summarize and compare the many di-
verse studies concerning genetic changes responsible for the different color pattern variation
across different species and populations to conclude that (i) there is overlap in the genes that con-
trol color patterns but sets of genes are not always the same across species, (ii) not all pigmenta-
tion genes contribute to pigmentation differences in every species, and (iii) major evolutionary

changes can be caused by loci unknown to the pigmentation pathway. However, they also state



that in general pigmentation differences are controlled by multiple loci, and that multiple muta-
tions contribute to the overall effect of each locus, suggesting that pigmentation evolution in
Drosophila lacks major mutations. Instead, the accumulation of many subtle mutations is respon-
sible for most differences within and between species. In fact, the evolution of Drosophila pig-
mentation is mostly associated with cis-regulatory changes (Jeong et al., 2008; Wittkopp et al.,
2009). This could be related to the fact that many intermediate metabolites in the pigmentation
pathway are also neurotransmitters (True, 2003; True et al., 2005), and therefore variations in the
activity of these enzymes have pleiotropic effects on nervous system function and behavior. It is
interesting how even among closely related species there exists a great heterogeneity among their
color determination mechanisms, indicating very little evolutionary constraint.

Pigment variation in lizards has a tremendous ecological importance: it is imperative for
camouflage (Rosemblum, 2006), can serve as antipredator warnings (Savage and Slowinski,
1992), it can play a role in intra specific communication (Chan et al., 2009) and thermoregulation
(Clusella-Trullas et al., 2007). This has led to a wide range of variation in color across individu-
als, populations and species, which can help us understand genetic mechanisms behind ecologi-
cally important color traits. Reptile color patches are determined by the interaction of three types
of cells containing different pigments (Bagnara and Hadley, 1973): yellow and orange coloration
in the xanthophores, blue and green colors depending on the reflective properties of the irido-
phores and darker color patches coming from melanophores containing melanin. The study of the
genetic basis of the blanched coloration of the White sand lizards provides an interesting exam-
ple of rapid genetic convergent evolution. Unlike other examples of convergent evolution studies
(Nosil and Sandoval, 2008; Steiner et al., 2009), this case involves three distantly related species

that are exposed to the same, recently formed, selective environment (Rosemblum and Harmon,



2011). Each species presents a particular Mc1r mutation, originally believed to be associated
with the blanched phenotype (Rosenblum et al., 2004) but later determined by functional studies
that this is only the case in two of the three species. Moreover, in each of those species, the muta-
tion acts differently: in one case, Mc1r is compromised in its ability to integrate into the cell
membrane, resulting in a dominant blanched phenotype, and in the other case, Mc1r is unable to
transmit the signal, resulting in a recessive blanched phenotype (Rosenblum et al., 2010). Allelic
dominance is going to affect the ability of natural selection to act upon them (Orr, 2010) and thus
can affect the distribution of adaptive alleles in nature. This is an interesting example of how un-
derstanding the genetic architecture of coloration highlights important similarities and differ-
ences across species during a rapid convergent evolution scenario.

Drosophila and lizards are good systems to study the genetic basis of coloration, not only
because their coloration patterns have been widely studied, but they also benefit from a wide
range of genetic resources too. The genus Xiphophorus of livebearing fishes presents a striking
variation in pigmentation patterns, especially melanin-based ones, which are polymorphic within
and between species (Basolo, 2006; Culumber, 2014). Accurate breeding experiments can be de-
signed since these species reproduce well in aquaria which allow precise quantitative trait locus
mapping experiments (Powell et al., 2021). Most importantly, the genus benefits from recently
developed genomic resources (Cui et al., 2013; Powell et al., 2020; Schartl et al.,2013; Schumer
etal., 2012, 2014, 2016) and even though gene knock out techniques are currently not possible
on Xiphophorus, they are readily available in the closely related medaka (Wittbrodt et al., 2002).
The study of melanin-based pigmentation patterns in Xiphophorus becomes even more interest-

ing when it intricated history of hybridization is considered.



A growing body of literature has called attention to the importance of hybridization to the
evolutionary process of speciation; genetic exchange is a pervasive feature of the evolutionary
history of many if not most organisms, and is fundamental to generating phenotypic diversity
and new evolutionary lineages (Abbott et al., 2013). A critical question in speciation is whether,
when barriers to gene flow are established, gradual accumulation of independent changes will
suffice to establish reproductive barriers and if not, what are the consequences of secondary con-
tact. In the context of speciation, hybridization can act as a homogenizing force between parental
species if hybrids do not suffer a fitness loss (Barton and Hewitt, 1985; Nosil et al., 2009). On
the contrary, it may strengthen reproductive barriers promoting speciation via reinforcement to
avoid a reduced hybrid fitness (Wu, 2001). Finally, hybrid speciation might also result, when the
new populations of mixed ancestry remain reproductively isolated from their parentals (Abbott et
al., 2013; Schumer et al., 2014).

A genetic model for the evolution of isolation mechanisms in hybrids is known as the
Bateson-Dobzhansky-Muller model of hybrid incompatibility (BDMI). In 1922, JBS Haldane
observed that: “When in the offspring of two different animal races one sex is absent, rare, or
sterile, that sex is the heterozygous [heterogametic or XY] sex” (Haldane, 1922). Haldane and
several subsequent surveys showed that this rule is obeyed in the most varied taxa and that it
holds for all animals that have sex chromosomes. The significance of this rule therefore relies on
its universality, which implies the existence of some common genetic mechanism during
(postzygotic isolation) speciation among very different kinds of animals. In other words, there
has to be a shared genetic process that explains this pattern. The problem in trying to understand
the evolution of hybrid sterility is: how could natural selection allow the evolution of progeny

that are infertile or inviable? (Orr, 1997). Hybrids can be pictured as a fitness valley between the



two adaptive peaks the parental species are. So, if these species have a common ancestor, how is
it possible to go through the valley, from one peak to another? Selection would never allow it.
Imagine one species has genotype AA, the other aa, and the sterile or inviable hybrid Aa. How is
it possible to go from A to a? The a mutation necessarily arises in heterozygous state (Aa) and,
therefore, it would be eliminated by selection (Orr, 1997).

Bateson was the first to propose an explanation of how sterility could arise in hybrids
(Orr, 1996). He said that if sterility is the consequence of a combination of two factors, each fac-
tor has to be acquired by each species separately, on which its effect would be imperceptible un-
til lineages hybridize (Bateson, 1909). These discussions appear in a “forgotten essay” (Orr,
1996) and where only resurfaced much later by Orr (Orr, 1996). Therefore, it can be said that by
the time Dobzhansky published his studies on hybrid sterility, it was widely known that hybrids
between different species suffered partial or complete sterility, yet, the causes of that sterility still
remained obscure (Dobzhansky, 1934). Dobzhansky used Drosophila hybrids to discover that
the problem that caused hybrids to be sterile was related to a failure of chromosome pairing. This
failure could be due to structural dissimilarities between chromosomes or disturbances in cell
physiology which prevented chromosomes from pairing. Dobzhansky hypothesized that the “dis-
turbance of the gametogenesis may be due to the actions of complementary genetic factors con-
tributed by both parents” (Dobzhansky, 1934). The key here is that Dobzhansky realized that
there needed to be at least two independently evolved factors, contributed by each parental spe-
cies, whose incompatibility is only exposed when they hybridize.

Independently, Muller also developed framework to explain why fitness of hybrids is re-

duced and focused on that there necessarily needs to be more than one single genetic change in



order to occur. Muller discusses that, since in the first hybrids mutations must exist in heterozy-
gous conditions at first, no single mutation should be lethal. If mutations were lethal, hybrids
would be incapable of reproducing at all and the mutation would never become established. It is
therefore inevitably, that hybrid fitness reduction is a consequence of the interaction of at least
two mutations (Jhonson, 2002). A model for hybrid incompatibilities via two genetic changes
supposes that A and a are alleles at one locus, B and b are alleles at another locus, and that a and
b together are incompatible (reduced fitness). If an AABB population gets split into two isolated
populations, hybrid incompatibility could evolve if one population evolves to aaBB and the other
one to AAbb. Hybrids between these populations would be AaBb and thus unfit. Maladaptive hy-
brid genotypes can therefore arise without the need to travel through an adaptive valley because
they are not under natural selection (Jhonson, 2002). Furthermore, Muller realized that this
model implies that hybrid incompatibilities must be initially asymmetric: asymmetric in the
sense that it depends on the direction of the introgression and that only certain specific combina-
tion of alleles cause incompatibility. If alleles a and b are incompatible, A and B cannot be in-
compatible since AABB is the ancestral genotype, therefore the initial incompatibilities must be
asymmetric. Work on Drosophila hybrids has supported this claim. Hybrid sterility factors are
not the same when D. simulans is introgressed into D. mauritiana as those found in the recipro-
cal introgressions of D. mauritiana into D. simulans (Palopoli and Wu, 1994).

The logic behind BDMI is pretty simple: consider two populations evolving and accumu-
lating different substitutions independently. If an allele from one population is introgressed into
the genome of the other, we would expect it to vary in its functionality from either functioning
reasonably well to not at all. Genomes are combination of alleles that have been tested together

thus it is hard to predict that an introduced allele will perform better in a new genetic background



than in its own. Therefore, we expect a mixture of genes from two species to be less fit than
those from a single species. Hybrid sterility or unviability or reduced fitness could, consequently,
be a simple by-product of the divergence of two genomes (Orr, 1997). BDMI models are gener-
ally accepted nowadays and yet, we lack specific genetic mechanisms which explain how muta-
tions with neutral effects within a particular species yield negative effects when expressed to-
gether in hybrids. Lynch and Force (2000) suggest that duplicate genes, and more generally any
kind of genomic redundancies, “provide a powerful substrate for the origin of genomic incom-
patibilities” (Lynch and Force, 2000). Whenever there is a gene duplication, there are known
cases of neofunctionalization of the duplicated genes. But the second copies of duplicated genes
most commonly become silenced because they tend to accumulate negative mutations. Consider
a pair of duplicate genes A and B in an ancestral species, fixed respectively for alleles A and B
and that part of this population gets isolated. We can expect that each population, will randomly
lose function at one of the two loci. There is a 50% probability that one population becomes
fixed for A and b alleles and the other for a and B alleles. Hybridization between them would
lead to AaBb progeny which would produce one fourth of nonfunctional ab gametes.
Interestingly, after branching off from the tetrapods, fishes underwent a whole genome
duplication resulting in them often having two copies of a gene (Wittbrodt et al., 1998; Meyer
and Van-de-Peer, 2005). Some of the melanin-based pigmentation patterns in Xiphophorus can
result in malignant melanoma in both hybrid and non-hybrid situations (Schartl, 2008). Almost a
century ago (Gordon, 1931), it was found that certain hybrids of platyfish (Xiphophorus macula-
tus) and swordtails (Xiphophorus hellerii) develop a highly malignant melanoma and since then
Xiphophorus has been a dominant system in the study of melanoma. After decades of classical

crossing experiments (Anders, 1991), the genetic theory of melanoma formation in these fish is



that in X. maculatus, there is an oncogene controlled by a tumor suppressor and that in X.
hellerii, these genes are both lacking. When both the oncogene and the tumor suppressor are pre-
sent the phenotype results in benign pigmentation. However, in the hybrids, because their ge-
nome is a combination of both parental species’ genomes, it sometimes happens that the onco-
gene is expressed without the control of the tumor suppressor and therefore they develop malig-
nant melanoma (Meierjohann and Schartl, 2006; Schartl, 2008). Thirty years ago, the oncogene
was isolated: Xiphophorus melanoma receptor kinase (xmrk) (Wittbrodt et al., 1992), a modified
egfrb duplicated receptor that is constitutively active and leads to a ligand-independent activation
of the intracellular signal transduction network causing an unlimited cell proliferation. After
many years of knowing the oncogene, we still haven’t been able to identify the tumor modifier
gene.

The Xiphophorus birchmanni — Xiphophorus malinche natural hybrid zone (Rosenthal et
al., 2003) provides an excellent opportunity to identify the tumor modifier. X. birchmanni and X.
malinche produce viable hybrids along several populations in the Sierra Madre (Hidalgo, Mex-
ico) that appeared 35-56 generations ago (Schumer et al., 2014) likely due to human-mediated
disruption of pheromonal communication (Fisher et al., 2006). Some individuals of X. birch-
manni and X. birchmanni - X. malinche hybrids present a macromelanophore pigment pattern
called Spotted Caudal (Sc), which varies in its expression from a few black spots to extreme mel-
anosis and eventually malignant melanoma (Fig. 1). Recently formed hybrid zones constitute
“natural laboratories for evolutionary studies” (Hewitt, 1998), which can be used to pinpoint
genes of interest, disentangle multivariate effects on fitness, and measure evolutionary change in
real time (Lexer et al., 2010). Natural variation provides an underutilized resource for insight

into the molecular mechanisms underlying disease. While most research on this topic relies on



carefully controlled domesticated models, this study benefits from an ongoing hybridization pro-
cess under natural conditions of a cancer research model organism, that provides an excellent op-

portunity to study the genetic and evolutionary causes and consequences of melanoma.
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CHAPTER II
NATURAL HYBRIDIZATION AND THE SEARCH FOR INCOMPATIBLE ALLELES
THAT CAUSE MELANOMA IN XIPHOPHORUS
Introduction

Ever since Mendel postulated that “internal factors” are passed from one generation to
the next, the relationship between genetic polymorphisms and phenotype has been subject of in-
terest. The basic approach has been to screen many individuals of different genotype, obtained
either by mutagenesis or natural variation in the wild, to connect their genetic variation to an in-
terested phenotype (Korte and Farlow, 2013). This method is nowadays known as population ge-
nomics, but the field of study is as old as genetics itself. As expected, discrete traits were the first
to be understood. Such is the case with the ABO blood groups of humans (Bernstein, 1925),
Batesian mimicry in Papilio butterflies (Punnet, 1915) and heterostyly in Primula (Bateson and
Gregory, 1905). Subsequent quantitative studies (Muller, 1928; Wright, 1922) provided evidence
of the immense amount of “hidden” genetic variability and confirmed Darwin’s view that there is
plenty of genetic variability for selection to act (Darwin, 1868). However, important questions
arouse: what is the average amount of genetic variation in natural populations and to which ex-
tent did selection control that variation (Lewontin, 1974).

John Hubby, Richard Lewontin, and Harry Harris, were the first to estimate genome-wide
levels of variation in populations of Drosophila pseudoobscura and humans respectively (Harris,
1966; Hubby and Lewontin, 1966). They used gel electrophoresis to screen for protein variations
according to their migration rates on the gel. Even though they found that a large number of loci
are polymorphic, the technique they used limited their ability to detect any amino acid change

that did not affect the protein’s charge or any silent DNA changes (Lewontin, 1985). The first

11



studies of DNA sequence variation relied on restriction enzymes to detect variation in the pres-
ence of their cutting sites (Avise, 1983; Nei and Li, 1979). Impressive results, which still stand
today, were achieved with this method. For example, transposable elements contributed low-fre-
quency polymorphisms in Drosophila but almost nothing to human variability while in both
Drosophila and humans single nucleotide polymorphisms contribute the most to variability (Kan
and Dozy, 1978; Langley and Aquadro, 1987). The survey of DNA variation improved consider-
ably with the invention of PCR amplification. PCR and sequencing machines provided the ability
to sequence multiple copies of a specific region of the genome pretty easily. The main result
from this kind of work was that most of the variability is neutral: it either does not affect protein
structure or was found in non-coding regions (Kimura, 1983; Kreitman, 1983). Since then, the
methods for surveying DNA variation have only advanced, becoming more and more affordable
and therefore causing a flourishing of population genomic studies.

Population genomic studies can be defined as the study of numerous loci or genome re-
gions with the objective of understanding evolutionary processes. Black et al., 2001 define it
more precisely as “the use of genome-wide sampling to identify and to separate locus-specific
effects (such as selection, mutation, assortative mating and recombination) from genome-wide
effects (such as drift or bottlenecks, gene flow and inbreeding) to improve our understanding of
microevolution” (Luikart et al., 2003). Population genomics assume that neutral loci across the
genome should be equally affected by the evolutionary history and demography of a population
whereas loci under selection will reveal unique, and therefore identifiable, patterns of variation
(Luikart et al., 2003). Quantitative Trait Locus (QTL) mapping has proven to be a powerful

method to identify genome regions associated to a particular trait either in F2 populations or in-
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bred lines. This has a limited mapping resolution because of the reduced amount of recombina-
tion of those populations and because the allele frequencies and combinations present in lab pop-
ulations will differ from natural populations underrepresenting the functional diversity present
(Korte and Farlow, 2013). Genome wide association studies (GWAS), overcome these limita-
tions by testing thousands to millions of genetic variants across the genomes of many individuals
either to study the genetic architecture (basically, the number of loci that contribute and their re-
spective contribution to the phenotype) of a trait or to identify causative/predictive factors for a
given trait (Korte and Farlow, 2013; Tam et al., 2019). The first GWAS published was in 2005
for the age-related macular degeneration (Klein et al., 2005) and since then, according to the
NHGRI-EBI Catalog of genome-wide association studies (MacArthur et al. 2017), as of Septem-
ber 15th 2021, there has been 5329 publications and more than 5700 according to Uffelmann et
al., 2021. GWAS have successfully identified risk loci in a great number of disease and espe-
cially in cancer (Liang et al.,2020; Luikart et al., 2003; Uffelmann et al., 2021).

Hybridization between closely related species, from either lab reared hybrids or naturally
occurring populations, is also a useful tool for understanding the genetic basis of the phenotypic
traits that distinguish species. Xiphophorus has an extensive history of hybridization which has
recently been exploited to understand the genetic basis of sexually selected traits (Powell et al.,
2021; Schartl et al., 2021) and melanoma (Lu et al., 2020; Powell et al., 2020). The X. birch-
manni — X. malinche natural hybrids are particularly interesting to study because different popu-
lations differ in their ancestry patterns. In certain hybrid populations, separate genetic clusters
have formed and maintained in near-perfect isolation for over 30 generations through strong as-
sortative mating whereas in other populations ancestry is randomly distributed (Culumber and

Rosenthal, 2013; Schumer et al., 2017). Xiphophorus birchmanni is polymorphic for a coloration
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pattern called Spotted Caudal (Sc) “which typically consists of one or more irregular, elongated
patches of black pigmentation commencing close to the base of the middle or lower caudal fin
rays and extending posteriorly for roughly one-third of the fin length” (Sedarti et al., 1995). This
macromelanophore formation is particularly interesting because it can turn into malignant mela-
noma in the X. birchmanni — X. malinche natural hybrids (Powell et al., 2020; Culumber, 2014).
It is proposed to be a typical case of a hybrid incompatibility in which a negative epistatic inter-
action between genes of both species cause the malignant melanoma (see Chapter 1). The X.
birchmanni — X. malinche hybrids provide an excellent opportunity to test this hypothesis. If
melanoma is indeed caused by a negative epistatic interaction between X. birchmanni and X. ma-
linche genes, | expect that populations with different ancestry patterns differ in their Sc fre-
quency and malignancy since in structured populations the probability of having a negative epi-
static interaction is lower. Therefore, to understand the genetic basis of this trigger between be-
nign coloration (Sc) to malignant pigmentation, | performed two population genomics studies: a
GWAS in a pure parental population of X. birchmanni to identify the genetic driver of Sc, and a
comparative study of the presence and malignancy of Sc between structured and unstructured
populations of X. birchmanni — X. malinche hybrids to determine whether an epistatic interaction

might be responsible for the melanoma.
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Methods

Collection and Phenotyping

The spotted caudal trait is polymorphic within X. birchmanni. Thus, it is possible to
search for variants associated with the phenotype. In order to do so, | collected 232 unspotted
controls and 159 spotted cases (males and juvenile males) from the X. birchmanni Coacuilco
population using baited minnow traps. Fish were anesthetized in MS-222 (Texas A&M IACUC
protocol #2016-0190) following a standardized morphometric protocol which consisted of using
a background grid and spreading the caudal and dorsal fin. A Nikon d90 DSLR digital camera
equipped with a macro lens was used. Fish were scored for presence/absence of the spotted cau-
dal phenotype. A small caudal fin clip was taken and fish were kept in fresh water until full re-
covery from the anesthesia before returning them back to the river. Fin clips were preserved in
ethanol until DNA extraction. Area of the spot, body and dorsal fin standard length and depth

were measured from photographs using ImageJ (Schneider et al, 2012).

DNA extraction

DNA extractions were made following the DNeasy Quiagen Kit instructions. Briefly,
20ul of Poteinase K were added to each fin clip and incubated overnight at 56 oC. Samples were
vortexed and then 200ul of Buffer AL and ethanol were added to the sample before vortexing
again. The mixture was then transferred to a DNeasy Mini spin column placed in a 2ml collec-
tion tube and centrifugated at 8000 rpm for 1 minute. Flow through was discarded and 500ul of
Buffer AW1 were added before centrifuging at 8000 rpm for 1 minute. Flow through was dis-

carded and 500ul of Buffer AW2 were added. Samples were then centrifuged 3 minutes at 14000
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rpm, flow through was discarded and then samples were centrifuged 1 minute at 14000 rpm. The
DNeasy Mini spin column was then transferred to a new 1.5ml Eppendorf and 50ul of Buffer AE
were added. After 1 minute incubation at room temperature, samples were centrifuged for 1 mi-
nute at 8000 rpm to elute the DNA. All centrifugations were performed at room temperature. Ex-
tracted DNA was quantified using the Nanodrop 8000 (Thermo Fisher Scientific, Waltham,

MA).

Library Preparation

In order to perform low coverage whole genome sequencing (1X average coverage) ten
to thirty nanograms of DNA were used to construct Tn5 libraries. This basically consists of com-
bining each sample with a unique combination of i5 and i7 index in order to identify it later. For
this, first the Tn5 first has to be precharged by combining two Tn5 adapters by mixing 15 uL of
Tn5 (100 ng/uL), 122 uL Reassociation Buffer/Gycerol 1/1 and 3 uL of each adaptor and incu-
bate in a thermal cycler at 37 °C for 30 minutes. (Reassociation Buffer: 10 mM Tris pH 8.0, 50
mM NaCl, 1 mM EDTA; each adaptor was previously prepared by mixing 10 uL of forward and
reverse oligonucleotides with 80 uL of reassociation buffer and annealed for 10 min at 95 °C, 1
min at 90 °C, Reduce temp by 1°C/cycle 60 times in thermocycler and then hold at 4 °C). After-
wards, for 96 samples a master mix of 120 uL of the pre-charged Tn5, 240 uL of TAPS buffer
(500 mM) and 600 uL of water was made. (5x TAPS buffer: 50 mM TAPS-NaOH, 25 mM
MgCl2, 50% v/v DMF (pH 8.5)). 8 uL of the master mix were added to each well of a plate,
combined with 2 uL of DNA (3-10 ng/uL) and incubated at 55 °C for 7 minutes. This shears the
DNA. The Tn5 remains bound to the DNA unless stopped so 2.5 uL 0.2% SDS were added to

each reaction and then incubated at 55 °C for 7 minutes to stop it. 3 ul of this sheared DNA were
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combined with 12 uL of a master mix containing the i5 (Master mix for 96 samples: 120 uL 10
uM i5, 900 uL OneTaqg HS Quick-Load 2X, 420 uL water) and 1 uL of 10 uM i7. Samples were
run on a thermal cycler at 68 °C for 3 min, 95 °C for 30 seconds, 95 °C for 10 seconds, 55 °C for
30 seconds and 68 °C for 30 seconds. The last three steps were repeated 12 times and then sam-
ples were held at 4°C. Reactions were cleaned using magnetic beads. 10 uL of each library was
pooled with other libraries sharing an i5 index and then 0.6 volumes of beads were added, mixed
thoroughly and incubated at room temperature for 10 min. Tubes were transferred to a magnet
for 5 minutes and the supernatant was carefully removed to a clean tube. 0.2 volumes of beads
were added and the previous steps were repeated but the supernatant discarded this time. Then
200 uL of freshly prepared 70% ethanol were added, and tubes were let stand in the magnet for
30 seconds and then remove the ethanol. The ethanol wash was repeated again and the beads
were allowed to air dry for 10-15 minutes. The tubes were removed from the magnet and 13 uL
of Tris (10 mM) were added, mixed thoroughly, let stand for 5 min, and then the tubes were
transferred to the magnet for 5 minutes. Finally, 11 uL of the eluate were carefully removed. Li-
braries were quantified using the Qubit fluorimeter (Thermo Scientific, Wilmington, DE). Li-
brary size distribution and quality were visualized using an Agilent Tapestation (Agilent, Santa
Clara, CA). Libraries were sequenced on the Illumina NextSeq 4000 or the Illumina HiSeq 4000

across four lanes to collect paired-end 75 basepair reads and 150 basepair reads respectively.

Bioinformatic Analysis

The following bioinformatics analyses were performed in collaboration with Dr. Molly

Schumer. To estimate allele frequency differences between Sc and non-Sc groups we used an

17



older version of samtools-legacy program (https://github.com/Ih3/samtools-legacy/blob/mas-
ter/samtools.1) because it allows to test for differences between the two groups assuming a one-
degree y? distribution (Heng Li, personal communication to Molly Schumer, (Li, 2011)). To
evaluate the accuracy of this method, we performed simulations using macs (Chen et al., 2009)
to generate diploid sequences of 1 Mb for 391 individuals, assuming 6 = 0.0012 per site and pre-
viously inferred recombination rate of X. birchmanni (Schumer et al., 2018). We used this to
generate nucleotide sequences with the observed base composition of X. birchmanni using seq-
gen (Rambaut and Grassly, 1997) and then paired haploid sequences were converted to generate
diploid individual fastq files for each individual using the program wgsim
(https://github.com/Ih3/wgsim). With a sequencing error rate of 0.01 and 150 bp paired-end
reads, we set the number of reads generated to 3330 to match the average 1X coverage of our
data. Then, we assigned randomly 232 unspotted controls and 159 spotted cases, mapped the
reads with bwa-mem and ran samtools-legacy mpileup and bcftools-legacy to quantify allele fre-
quency differences in the simulated spotted and unspotted groups. To evaluate the accuracy of
the pipeline, we compared the simulated allele frequency difference to the true allele frequency
difference at each SNP, repeating the procedure 100 times. The average difference between true
and inferred allele frequencies was 1.2%. This indicates that samtools-legacy has excellent accu-
racy in quantifying allele frequency differences between groups given coverage and sample sizes
matching our data.

For the real data, individual we mapped reads with bwa-mem, sorted bam files with
samtools and removed reads with mapping quality scores less than 30. Reads were mapped to the
newly assembled genome developed by Powell et al., 2020. Using these bam files we ran

samtools-legacy mpileup and bcftools-legacy to estimate allele frequency differences between
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spotted and unspotted individuals. For the allele frequency analysis, we only used high quality
SNPs (1,254,071 SNPs genome-wide) ascertained by high coverage whole genome sequence
data from 26 individuals from the X. birchmanni Coacuilco population (Schumer et al., 2018).
The appropriate genome-wide significance threshold for allele frequency differences between
spotted and unspotted individuals, was determined by shuffling spotting phenotypes and repeat-
ing the genome-wide scan for allele frequency differences between cases and controls 500 times.
Based on these permutations, we set our genome-wide significance threshold at 1-7 since fewer

than 5% of permutations had associations at or lower than this threshold.

Population structure and spotted caudal

| sampled 6 hybrid populations along a less than 3km stretch of the Calnali River. Three
of those populations (CalnaliMid, Aguazarca, Piloncillo) are located upstream the city of Calnali.
The other three are either in the stretch of the river that runs through the city (Plaza, Peatonal) or
slightly downstream (CalnaliLow). Phenotyping, DNA extraction, and library prep for low se-
quencing methods were the same as the ones described above for the GWAS. The following bio-
informatics analyses were performed in collaboration with Dr. Molly Schumer and are well de-
scribed in Powell et al. (Powell et al., 2020). We used ancestry informative sites across the ge-
nome to calculate an individual hybrid index that is then used to determine population structure.
We used a recently developed hidden Markov model-based approach, AncestryHMM (Corbett-
Detig and Nielsen, 2017) to call ancestry. We used this approach over multiplexed-shotgun gen-
otyping (Schumer et al., 2016) because of its reduced computational times and increased effi-
ciency for large datasets. Briefly, reads are first mapped to the parental genomes using bwa mem

(Li and Durbin, 2009) and bam files are sorted with samtools (Li, 2011). Then, reads that did not
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map to either parental genome are identified and filtered with ngsutils (Breese and Liu, 2013).
With the remaining reads, bcftools mpileup and custom scripts are used to count ancestry in-
formative sites for each allele. Only individuals with more than 300,000 reads were used
(Schumer et al., 2016) as input for the AncestryHMM pipeline and only sites with posterior
probability of 90% or higher we considered. The AncestryHMM pipeline is available on github

(https://github.com/Schumerlab/ancestryinfer).

Results

GWAS

The GWAS identified a strong association between two loci in chromosome 21 and the
spotted caudal phenotype (estimated false discovery rate of 5%). The two hits identified by the
GWAS are located 5mb apart from each other and are: xmrk and the melanosome transporter

genemyosin VIIA and Rab interacting protein (myrip) (Figure 1).
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Figure 1. (Top) Results of genome-wide association scan for allele frequency differences be-
tween spotted cases and unspotted controls for every chromosome. Red line indicates the ge-

nome-wide significance threshold. (Bottom) Zoom into chromosome 21, where two distinct re-
gions are strongly associated with spotting. Published in Powell et al., 2020.
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Population structure can generate allele frequency differences between spotted and un-
spotted individuals by chance (Price et al., 2006). To evaluate that, and since low coverage data
does not permit calling diploid genotypes with confidence, we generated pseudo-haploid calls for
every individual at each known SNPs by randomly picking a sequencing read and assigning the
allele supported by that read to represent a haploid genotype of that individual. With these
pseudo-haploid calls we performed a PCA of genome-wide SNPs in all individuals using plink
(Purcell et al., 2007) and checked whether any of the first 20 PCs had a correlation with the spot-
ting phenotype. Only PC1 and PC2 had correlations with the spotting phenotype (p<0.001) and
together they explain 1.5% of the observed genome-wide SNP variation. However, this could be
due to the fact that we used pseudo-haploid calls which can weaken the association between the
spotted trait and the focal SNP. However, if we analyze p-values with (range of p-values for peak
1 from 100 replicates: 1-8 - 5-6; peak 2: 3-10 - 2-13) and without (range of p-values for peak 1
from 100 replicates: 2-7 - 3-6; peak 2: 2-11 - 1-8) adding PC1 and PC2 as covariates, they are
similar. This suggests that the population structure observed is subtle and not affecting the
GWAS results.

Xmrk is known to be a neofunctionalization of a duplicated egfrb, with identified muta-
tions that cause constitutive activation (Schartl, 2008). Nevertheless, both genes are closely re-
lated and their sequences are very similar. To determine whether the GWAS peak contained eg-
frb or xmrk we built a likelihood phylogeny of egfrb and xmrk sequences from X. maculatus us-

ing RAXML (Stamatakis, 2006). The gene in the GWAS peak is most closely related to xmrk.
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Population structure and spotted caudal

Populations upstream the city of Calnali (CalnaliMid, Aguazarca, Piloncillo) are struc-
tured according to their ancestry into two separate genetic clusters: birchmanni-like hybrids and
malinche-like hybrids, whereas populations located within the city of Calnali or downstream of it
(Plaza, Peatonal, CalnaliLow) did not show this pattern (Figure 2 b). Moreover, ancestry unstruc-
tured populations showed increased Sc frequencies (ANOVA: p value 0.00188, Figure 2 a) and

higher Sc index (calculated as the Sc area/standard length, ANOVA: p value< 0.001, Figure 3)
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Figure 3. Sc index (Sc area/standard length) for each population (CALMID = CalnaliMid,
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Discussion

The GWAS identified associations between spotted caudal and both xmrk and myrip (Fig-
ure 1) and therefore either one of them or both could potentially be the driver of the hybrid in-
compatibility. However, Powell et al., 2020 determined that myrip is not expressed in the adult
caudal tissue nor in the melanoma (Figure 4 a). On the contrary, xmrk is more expressed in spots
and melanoma compared to unspotted (Figure 4 a) and has been previously proven to be respon-
sible for melanoma development in other Xiphophorus species (Meierjohann and Schartl, 2006;
Schartl, 2008). Individuals of X. maculatus- X. helleri hybrids that either have a deletion of the
xmrk gene (Wittbrodt et al., 1989) or whose xmrk reading frame is disrupted by a transposable
element (Schartl et al., 1999) are loss-of-function mutants for melanoma development. Moreo-
ver, we know that xmrk is not only necessary but sufficient for tumor development because trans-
genic expression of X. maculatus xmrk in Oryzias latipes (the closely related medaka fish) leads
to tumor development at a high frequency (Schartl et al., 2010; Winkler et al., 1994). Unlike eg-
frb, which requires a ligand and signals only after the growth factor has bound to the extracellu-
lar domain, xmrk is constitutively active (Wittbrodt et al.,1992). This happens because xmrk has
two exchanged amino acids in the extracellular domain that destroy the formation of intramolec-
ular disulfide bonds and instead intermolecular cysteine bridges between two receptor monomers
form which mimics the effect of ligand binding (Gomez et al., 2001). Xmrk causes a constant ac-
tivation of the ras/raf/MAPKkinase mitogenic cascade as well as anti-apoptotic pathways (Schartl,
2008). Xmrk’s behavior therefore, is consistent with a one of the main characteristics of cancer

cells: unlimited cell proliferation, independent of growth regulation factors. Powell et al. 2020
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found that X. birchmanni also has the two mutations (G364R and C582S) responsible for the

constitutively activation of xmrk in X. maculatus (Figure 4 b (Powell et al., 2020))

27



2 o

g © = chahuaco falls hybrids . c @ X k Chahuaco falls hybrids|
w X. birchmanni (COAC) myrip § mr X. birchmanni (COAC)
@\ < - Q 53 . -
e =
0 -
€ o - ii‘ g
= Lo
3 g&) ™ ]

N 5 ~
2 it ]l
3 3
£ Y o ]
5 i *
- L) 5 ' t 3

o - [ o~ LA > o= 2 o - . -

Melanoma Spotted Unspotted Spotted Unspotted Melanoma Spotted Unspotted Spotted Unspotted

intermolecular

b egfrb xmrk ... «— disulfide bond
5N
\/
N

- ir” p—— P —— pp— prp——

xbirchmanni-xmrk
xbirchmanni-egfrb

xbirchmanni-xmrk
xbirchmanni-egfrb

Figure 4. a) Expression of GWAS hits myrip and xmrk in caudal tissue of X. birchmanni and
natural hybrids. b) The schematic compares the ancestral form of the protein (egfrb) to the pre-
dicted structure of xmrk in X. birchmanni. Proteins are shown in red, and the cell membrane is
shown in gray. Blue circles show phosphorylation. (Inset) A partial clustal alignment of X. birch-
manni egfrb and xmrk with these substitutions highlighted. Colors indicate properties of the
amino acid, and asterisks indicate locations where the amino acid sequences are identical. Pub-
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myrip is a protein that interacts with the molecular motor Myosin Vlla and is involved in
the transport of melanosomes in the retinal pigment epithelium. Furthermore, myrip is related to
skin melanosome transport via regulating the activity of Myosin Va, another molecular motor
(Ramalho et al., 2009). The lack of expression of myrip in adult tissue suggests that myrip may
not be directly involved in the development of melanoma. However, there has been plenty of dis-
cussions (reviewed in (Culumber, 2014)) regarding the existence of a macromelanophore deter-
mining locus (Mdl) (Weis and Schartl, 1998; Schartl et al., 2013). Mdl is supposed to determine
when and where and how many macromelanophore spots appear in the body or fin compart-
ments. In fact, it is pattern determining locus in the sense of developmental biology since pig-
mentation patterns occur in the first several weeks of life. From phylogenetics distributions of
macromelanophore patterns and xmrk we know that mdl and xmrk are tightly linked but sepa-
rated loci (Weis and Schartl, 1998). A feasible study to test if myrip can play a role in the pig-
mentation patterning would be to generate transgenic medaka lines with Xiphophorus genes of
xmrk and myrip and see if there are changes in pigmentation patterns compared to the already ex-

isting xmrk medaka lines (Schartl et al., 2010).

Hybrid ancestry-structured populations showed Sc frequencies and levels of expression
similar to our reference parental population whereas ancestry-unstructured populations showed
increased frequencies and levels of expression (Figure 2). The association between the collapse
in population structure and increased frequency and magnitude of expression of Sc is an indica-
tor that hybrid melanoma is caused by a negative interaction between X. birchmanni and X. ma-

linche genes. The rational is simple: in structured populations we find individuals whose genome
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is either entirely more similar to X. birchmanni or X. malinche (Schumer et al., 2017) and there-
fore it is less likely that the genes from each species responsible for the incompatibility are pre-
sent in a given individual. In ancestry-unstructured populations however, individuals’ genomes
are an admixed composition of both parental species’ genomes and therefore it is more likely
that the negatively interacting genes from each species responsible for the incompatibility are
present. This was later confirmed by an admixture mapping study on a high incidence Sc hybrid
population of X. birchmanni — X. malinche hybrids in which the interaction between X. birch-
manni xmrk with X. malinche allele of a gene called cd97 (Powell et al., 2020) (To be discussed
further in the introduction of Chapter 4).

A question that arises looking as this data is why is there a marked collapse in the ances-
try population structure of the hybrids? Schumer et al. (2017) (Schumer et al., 2017) propose that
the ancestry population structure is maintained by strong assortative mating and therefore the
question becomes: why is there such a marked collapse in assortative mating? Even though it is
beyond the scope of this study, | hypothesize that it is related to environmental disturbance and
its relationship to mate choice in Xiphophorus. Xiphophorus females show mating preferences
for visual cues but even more robust preferences for chemical cues and given the often co-exist-
ence of several closely related species of Xiphophorus, it is suggested to play an important role
in maintaining reproductive isolation (Fisher et al., 2006). Indeed, it has been demonstrated that
increased contents of humic acid (organic material contamination) block their olfactory bulbs
making them unable to discriminate between each other, promoting hybridization (Fisher et al.,
2006). Although not measured, water quality drops as the river runs through the town (personal
observation: more trash in the river, turbidity and bad smell) and this coincides with the collapse

in ancestry population structure/assortative mating: ancestry structure is maintained in hybrid

30



populations found upstream the city of Calnali while those within the city or downstream of it
lack this ancestry structure (there is another population further downstream the city called CHAF
that shows this too (Powell et al., 2020)). Further experiments should properly categorize this

water quality droppage.
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CHAPTER Il

PHENOTYPIC CORRELATES OF A MELANOTIC PHENOTYPE IN HYBRIDIZING

SWORDTAILS (TELEOSTEI: XIPHOPHORUS)

Introduction

Cancer is arguably one of the worst consequences of multicellularity. It is considered as
an evolutionary process that occurs at two levels: within individuals there is somatic selection of
cancer genes and cell lines, whereas at the population level natural selection predisposes or pre-
vents cancer (Frank and Nowak, 2004; Greaves, 2000). There are several hypotheses that address
how cancer might have originated (Blanpain, 2013; Graham, 1992) but they do not explain how
it can persist. Although counterintuitive, some types of cancer cell lineages are under positive or
purifying selection. It has been suggested that this is driven by evolutionary conflicts (Haig,
1993; Kleene, 2005) which “led to rapid evolution in genetic, developmental and physiological
systems of control over cellular resources, which creates evolutionary disequilibrium and organ-
ism-level maladaptation, manifested as increased cancer risk” (Crespi and Summers, 2006). For
example, SPANX is a family of X-linked genes whose expression is exclusively limited to nor-
mal testis and melanoma tumor cells. These genes are inferred to be under strong positive selec-
tion since they contribute to spermatozoa fitness, evolving to achieve high translation rates (Kou-
prina et al., 2004). These genetic pathways, positively evolved in a sexual conflict context, are

apparently co-opted by cancer cells to thrive, differentiate and avoid apoptosis (Kleene, 2005).
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Another example is the case of the CAG repeat region of the human androgen receptor gene.
Short repeats are associated with increased risk of prostate cancer, and with more aggressive
forms of the disease while at the same time they are also associated with increased fertility at the
phenotypic level (via increased transactivation of the androgen receptor at the molecular level)
(Summers and Crespi, 2008).

These signatures of positive selection on oncogenes are examples of the widely known
tug of war between sexual and natural selection. Oncogenes could even provide a net benefit, if
their expression somehow enhances a phenotype under sexual selection. By definition, sexual se-
lection is going to favor traits that increase mate acquisition and fertilization, regardless of their
effect on survival and fecundity (Safran et al., 2013). In fact, when sexual and natural selection
act on the same trait they can act in opposite directions. An elegant example of this is the wild
Soay sheep. Large horns, determined by the Ho+ allele (of the relaxin-like receptor 2 (RXFP2)),
confer an advantage in strong intra-sexual competition and therefore is associated with higher
reproductive success. Smaller horns however, determined by HoP, confer increased survival, re-
sulting in a trade-off effect of overdominance for fitness at RXFP2, which maintains the poly-
morphism (Johnston et al., 2013). (As stressed in the introduction of this thesis, this is another
example that highlights the importance of identifying the genetic architecture of trait variation).

Coloration patterns are sexually selected signals in a wide variety of taxa (Andersson,
1994). Usually, the most desirable mate has the most pronounced visual trait (reviewed in (Ryan
and Keddy-Hector, 1992)) simply because they elicit more stimulation in choosers (Ryan,
1990a). If an oncogene can enhance pigmentation patterns, which confer a sexual advantage, re-

gardless of how detrimental for survival a cancer gene can be, sexual selection could contribute

33



to its maintenance. This chapter of my dissertation is based on that. As mentioned before, the on-
cogene xmrk is associated with the expression of the polymorphic Spotted caudal (Sc) pigment
trait in X. birchmanni and melanoma formation in the X. birchmanni — X. malinche hybrids.
Analyses of the ratio of synonymous to non-synonymous substitutions of xmrk show that, rather
than evolving as a pseudo-gene, xmrk has a positively selected function still unknown (Schartl,
2008; Volff and Schartl, 2003). A recent study (Powell et al., 2020) observed shifts in the fre-
quency of the spotted caudal trait between juvenile and adult males in a X. birchmanni — X. ma-
linche hybrid population with high incidence of melanoma. Spotted juveniles suffered an in-
creased mortality compared to unspotted juveniles. These differences were observed only in hy-
brid populations with high incidence of melanoma, but not in hybrid populations with lower fre-
quencies or in a pure X. birchmanni population (Figure 5 a). Melanoma, when advanced, can in-
vade surrounding tissues and histology showed degradation of muscular tissue that connects to
the caudal fin (Figure 5 b) that causes them to escape more slowly when startled (Figure 5 c). If
we consider that fish with expanded Sc are more conspicuous to avian and piscine predators, a
reduced ability to escape from predators could explain this observed differential mortality of
spotted individuals (Powell et al., 2020). This raises the question of how is this trait still segre-
gating in some hybrid populations and therefore this chapter explores mating preference for Sc in
parental and hybrid populations to determine whether large spots, or any other traits associated

with large spots, confer a mating advantage.
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Figure 5. a) Frequency of spotting in juvenile and adult males across hybrid populations with
high (circles, Calnali low and Chahuaco falls) or low (squares, Aguazarca and X. birchmanni)
melanoma incidence. Asterisks indicate significant differences by age class (*P < 0.05, **P <
0.01; ns indicates nonsignificant differences in a two-sample z test). Gray points indicate the raw
data, black points indicate the mean, and error bars indicate one standard error of the mean. b) A
cross section of the caudal peduncle from a Chahuaco falls hybrid (10x magnification). Mela-
noma cells invading the body and muscle bundles are visually evident (indicated with blue stars).
¢) Visualization of the difference in fast-start response between individuals with low and high
melanoma invasion (upper and lower 25% quantiles shown here). Published in Powell et al. 2020
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Mate choice has been a key concept in sexual selection since Darwin invoked the “taste
for the beautiful” (Darwin, 1859). Although mate choice is distinct from sexual selection, in fact,
mate choice decisions can turn out to be maladaptive, mate choice is key for sexual selection. Af-
ter all, “who a chooser mates with and who she pairs with will affect how long she lives and how
many healthy children and grandchildren she has. Mate choice determines which sperm fuse with
which eggs, and therefore ultimately shapes how lineages split apart or merge together. It can
drive the evolution of elaborate traits that position to natural selection” (Rosenthal, 2017). Even
weak female mating preferences can produce strong selection on male traits (Kirkpatrick and
Ryan, 1991). Mate choice dynamics can ultimately determine whether or not gene flow occurs
and persists during hybridization (Brelsford and Irwin, 2009; Fisher et al., 2006). Previous mate
choice studies in Xiphophorus cortezi have shown that in dichotomous visual choice tests, fe-
males spent significantly more time associating with the large Sc males than the small Sc males
(Fernandez and Morris, 2008). Moreover, females given a choice between spotted and unspotted
males, preferred Sc males in those populations in which female Sc frequency was lower but fe-
males from a high incidence of female Sc avoided spotted males (Fernandez and Morris, 2008).
Authors of this study interpret this result as a way to avoid an increased probability of offspring
having two copies of the oncogene xmrk, which would reduce their reproductive lifespan (Sedarti
et al., 2002). Furthermore, another study showed that Xiphophorus helleri females spent more
time with groups of spotted females than with non-spotted females under turbid, but not under
clear water conditions and that they preferred spotted males in turbid, but not in clear water
(Franck et al., 2001). Given these previous results that suggest Sc might be favored by sexual se-
lection in closely related species and the fact that there is evidence of selection against the hy-

brids, | tested whether females of X. birchmanni or the hybrids favor spotted individuals during
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mate choice. Furthermore, | explored if any other traits associated with Sc might indirectly pro-
vide spotted individuals with an advantage.

Besides looking at phenotypic traits associated with Sc, | also looked into personality
traits. Personality is a consistent behavioral variation among individuals across time and contexts
which contributes to individual fitness (Ariyomo and Watt, 2012, 2013). Traits related to person-
ality are under strong ecological selection (Wolf and Weissing, 2012; Reale et al., 2010) and can
significantly affect speciation through its effects on mate choice (Ingley and Johnson, 2014). As-
sortative mating according to personality has been widely reported resulting in benefits to choos-
ers (reviewed in (Schuett et al., 2010)). On the other hand, choosers can avoid specific traits
based on personality (Coleman et al., 2004; Sommer-Trembo et al., 2016). Moreover, personality
can affect the process of mate sampling and therefore affect choosiness (the amount of resources
a chooser invest in a mating decision or “how concentrated chooser responses are in particular
areas of trait space” (Rosenthal, 2017)). Both male and female mating preferences have been
found to be affected by personality in other fish systems (Bierbach et al., 2015; Sommer-Trembo
et al., 2016). Swordtail females have previously been shown to prefer more active male court-
ship behaviors (Wong et al., 2011) and X. birchmanni and X. malinche show marked personality
differences between them: X. birchmanni are bolder whereas X. malinche are slower to emerge
from shelter and spend less time in open areas (Johnson et al., 2015). We know that boldness co-
varies with mate choice: bolder individuals of birchmanni were less choosy during mate choice
assays (Personal communication: Gil Rosenthal). Therefore, | tested whether Sc could be associ-
ated with the shy/bold axis of personality and if there was a relation between mate choice for Sc

and personality.
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Methods

Mate choice trials

To test whether females preferred Sc males over unspotted males | tested females of X.
birchmanni and hybrid females from an admixed population using animations (created using the
anyFish software platform (Veen et al., 2013)) in dyadic female mate choice trials. This allows
me to control all other sources of variation (phenotypic and behavioral) and isolate the effects of
Sc. X. birchmanni females were offered X. malinche vs X. birchmanni choice, as a control of
mating motivation, in addition to the Sc vs no Sc choice. CHAF hybrids were offered X. variatus
vs X. birchmanni as a control of mating motivation in addition to the Sc vs no Sc choice. Fe-
males are tested for their mating motivation to ensure that if they do not show a preference for
Sc, this lack of preference is not due to lack of motivation to choose. X. birchmanni females are
offered a choice between X. malinche and X. birchmanni males because we know that X. birch-
manni females prefer conspecifics over X. malinche (Wong and Rosenthal, 2006). CHAF hybrids
females are admixed between X. birchmanni and X. malinche therefore testing them against its
parental species would not yield a clear result. However, we know that CHAF hybrids co-exist
with X. variatus and that there is no evidence of hybridization between them (personal observa-
tion). Therefore, it is reasoned that they will prefer X. birchmanni over X. variatus. Side and or-
der effects were controlled by offering the same stimulus to each female twice, once on each side
(the association times from both trials were summed for data analysis), and by offering randomly

the control or the Sc choice first across females (Culumber and Rosenthal, 2013).
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Trials were conducted by placing females in a 75x19x20 cm trial lane and allowing her to
acclimate for five minutes. Lanes were virtually divided into three sections of equal size (one as-
sociation zone on either side where stimuli were presented and a central neutral zone containing
a small acrylic shelter). Each stimulus period lasted five minutes and were divided by five
minutes intervals between them. Tanks were drained and refilled between females. Body shapes
of animations were based on population means calculated from 42 morphometric landmarks ac-
cording to the anyfish 2.0 user manual. The body texture was based on a representative male
from each species. For the Sc vs unspotted trials, a black spot (Sc index (Sc area/standard length)
of 0.05, “big” Sc) was manually added to the image. The animations follow the same simple con-
served courtship display typical for both species in which a male swim on screen raises his dorsal
fin and tilts toward the direction of the test lane and shimmies briefly then swims off screen. Ani-
mations were provided by Dr. Daniel Powell. Association time in each zone was used as a proxy
for female preference, as has been shown to be predictive of female mate choice (Walling et al.,
2010). If a female failed to visit both preference zones within 300 s, she was defined as unre-
sponsive and excluded from analysis, as done in previous studies (Fisher and Rosenthal, 2006a;
Verzijden et al., 2012). If a female failed to recover the control preference she was also excluded
from the analyses. 12 females from CHAF, and 34 females from X. birchmanni data were in-

cluded in the analyzes. Data was analyzed using Wilcoxon signed-rank tests.

Boldness trials

To investigate whether there is a correlation between the presence of Sc and personality

traits, such as boldness/shyness, spotted and unspotted individuals were submitted to boldness
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tests. These tests consisted of placing an individual in a big circular tank (90cm diameter) con-
taining a small acrylic shelter. Latency to emerge from the shelter, and total time spent away
from the shelter were measured as a proxy to boldness/shyness. A total of 24 X. birchmanni
males (15 Non Sc, 9 Sc) and 20 X. birchmanni females (previously tested for preference for Sc)
were included in the analysis. Non-parametric Kruskal-Wallis tests were performed to analyze
the association between preference for Sc and personality in females.

Boldness trials were also performed to 41 hybrid males from an admixed population with
high melanoma incidence, Chahuaco Falls. Kruskal-Wallis non parametric tests were performed

to test whether spotted and unspotted males differ in their personality.

Phenotypic correlations

I used the individuals photographed for the GWAS (see Chapter 2) to investigate whether
there are any phenotypic correlations associated with Sc in X. birchmanni that could favor Sc
during mate choice indirectly. For phenotypic analysis only mature males were considered (N=
121). Following the phenotyping methods described previously in the GWAS (Chapter 2), stand-
ard length, body and dorsal fin standard length and depth were measured from photographs using

ImagelJ. Variables were corrected by standard length before analyzed.
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Results

Net association time of X. birchmanni females with Sc males did not differ from the asso-
ciation time spent with unspotted males during the dyadic visual mate choice trials (Figure 6 a,
Wilcoxon p-value= 0.602). Net association time of Chahuaco falls (admixed hybrid population)
females with Sc males did differ from the association time spent with unspotted males during the
visual trials (Figure 6 b, Wilcoxon p-value= 0.57).

X. birchmanni females that participated from the visual mate choice trails were also
tested for boldness (N=20). Females that during the visual trials preferred Sc males spent signifi-
cantly less time away from shelter than females that preferred unspotted males (Kruskal-Wallis p
value = 0.049, Figure 7 a). In other words, they spent significantly more time under the protec-
tion from the shelter that the females that preferred unspotted males during the visual trials.
However, their latency to emerge from the shelter was not significantly different (Kruskal-Wallis
p value= 0.18, Figure 7 b). X. birchmanni males did not show a difference in their time spent
away from shelter (Kruskal-Wallis p value = 0. 08, Figure 7 ¢) nor their latency to emerge (Krus-
kal-Wallis p value = 0.70, Figure 7 d) between spotted and unspotted individuals.

Chahuaco Falls (admixed hybrid population) spotted males spent significantly less time
away from shelter than unspotted males (Kruskal-Wallis p value= 0.045, Figure 3.4 a) and took
longer times to emerge from shelter (Kruskal-Wallis p value= 0.042, Figure 3.4 b)

X. birchmanni spotted males were significantly smaller than unspotted males (ANOVA p
value= 0.016, Figure 8 a). Height index was calculated by measuring the body depth (the dis-
tance between the beginning of the dorsal fin and the beginning of the annal fin) and diving it by

the standard length. Spotted males had a marginally non-significant higher body height indexes
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than unspotted individuals (ANOVA p value = 0.056, Figure 8 b). Spotted and unspotted males
did not differ in their dorsal fin width index (ANOVA p value= 0.67, Figure 8 c) but they
showed a marginally non-significant higher dorsal fin (ANOVA p value = 0.059, Figure 8 d).

Overall, spotted individuals were smaller but had bigger dorsal fins than unspotted individuals.
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Figure 6. a) X. birchmanni association times during dyadic female visual mate choice trials. b)
Chahuaco falls (admixed hybrid population) association times during dyadic female visual mate
choice trials. The center line denotes the median value (50th percentile), while the colored box
contains the 25th to 75th percentiles of dataset. The black whiskers mark the 5th and 95th per-
centiles, and values beyond these upper and lower bounds are considered outliers.
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Figure 7. a) Time spent away from shelter by unspotted and spotted hybrid males from an ad-
mixed population, Chahuaco Falls. b) Latency to emerge from shelter by unspotted and spotted
hybrid males from an admixed population, Chahuaco Falls. The center line denotes the median
value (50th percentile), while the colored box contains the 25th to 75th percentiles of dataset.
The black whiskers mark the 5th and 95th percentiles, and values beyond these upper and lower
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Figure 8. a) X. birchmanni unspotted (Non Sc) and spotted (Sc) males standard length. b) Body
depth corrected by the standard length for unspotted and spotted X. birchmanni males. ¢) Dorsal
fin width corrected by standard length for unspotted and spotted X. birchmanni males. d) Dorsal
fin height corrected by standard length for unspotted and spotted X. birchmanni males. The plot
shows the mean, and whiskers indicate two standard errors of the mean.
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Discussion

Female mating preferences for traits that make males more visible could have initially
evolved if there is genetic covariance between the trait and preference (reviewed in (Rosenthal,
2017), Chapter 15). Fisher (Fisher, 1930) suggested that “males and females inherit genes for
both courter traits and chooser preferences but each is expressed only in one sex” (Rosenthal,
2017). Thus, ornaments evolve as a consequence of the genetic correlation between ornament
and mate choice (Jones and Ratterman, 2009; Lande, 1981). Alternatively, preferences and traits
can be decoupled and be the result of a preexisting sensory bias (Ryan, 1990a, 1990b; Lande,
1981) in which a courter addresses hidden preferences (reviewed in (Ryan and Cummings, 2013)
and (Rosenthal, 2017), Chapter 13). Regardless of how the preference arouse, once present, these
preferences can be maintained through direct selection because of reduced mate search costs
(Westcott, 1994; Reynolds and Gross, 1990).

Fernandez and Morris, 2008, found that females of X. cortezi do prefer spotted males
(when female Sc frequencies are low. The female Sc frequency in those populations that pre-
ferred spotted males was similar to female Sc frequency of my X. birchmanni population. Data
not shown.) In my visual mate choice trials, females from X. birchmanni did not prefer spotted
males over unspotted males (Figure 6 a). Although these results may seem contradictory at first,
there are several differences between them that might explain the conflicting results. In my trials,
| used videos to stimulate females and isolate specifically the effect of Sc on mate choice from
other courting aspects such as behavior. Fernandez and Morris, 2008 (Fernandez and Morris,
2008) used live males to which Sc was artificially painted with a dye. Although they repeated tri-

als with alternated treatments within the same males, to control for any unforeseen behavioral or
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phenotypical differences between the pairs of stimulus males, it is not possible to discard this
might be a confound effect in their tests. A recent review, highlights the control over stimuli and
the consistency of video playback (Powell and Rosenthal, 2017).

Females from CHAF, hybrid admixed population, with a high incidence of melanoma did
not show preferences for spotted males (Figure 3. 2 b). Given the strength of selection against
spotted juveniles observed (Figure 5 a) Powell et al., 2020 estimated that either high levels of
gene flow from X. birchmanni or mating advantages in individuals with large spots would be re-
quired to maintain spotting at observed frequencies in hybrid populations. Future studies should
attempt to characterize this further.

The difference in preference observed between studies (at least in populations where Sc
occurs in low frequency) might be related to differences in melanoma development between both
species. In more than three years of sampling X. birchmanni | have never seen an individual with
melanoma in the wild. Fernandez and Morris found five males and one female of the 99 individ-
uals in a single day of collecting. Mate choice decisions are subject of selection themselves (re-
viewed in (Rosenthal, 2017), Chapter 14). Although Sc individuals appear to be more conspicu-
ous to predators, if we consider the lack of differences between juvenile and adult Sc frequencies
(Figure 5 a) and the lack of melanoma found while sampling natural populations of X. birch-
manni as an indicator of presumably weak (or no) selection against Sc, we therefore would not
expect mate choice to favor the trait. However, further studies should explore several aspects that
could be relevant for mate choice. Xiphophorus typically inhabit clear rivers. Yet, during the
rainy season many streams become turbid. Since it was shown that turbidity changes preference

for Sc (Franck et al., 2001), further studies addressing this should be performed.
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A classic review showed that when females prefer traits that deviate from the population
mean, they usually prefer traits of greater quantity because of the increased sensory stimulation
(Ryan and Keddy-Hector, 1992). It would be interesting to determine whether there are differ-
ences in courting intensity or behavior between spotted and unspotted males. In relation to sexual
behavior, we know that melanocortins have a positive effect on the production of sexual hor-
mones (Eberle, 1988) and that darker males were sexually more active and had higher levels of
testosterone (Ducrest et al., 2008). On this line, it would be also relevant to test whether spotted
and unspotted males differ in their sexual pheromones. A recent dissertation from our lab identi-
fied specific peaks in X. birchmanni’s male pheromones that distinguishes it from X. malinche.
Moreover, male X. birchmanni show two distinct phenotypic clusters: large and ornamented and
small and drab, which as well differ in their pheromone profile. Spotted caudal is predominantly
a male trait (Sedarti et al., 1995). Given this, it is highly likely Sc could have a downstream ef-
fect on male cue production. Future female mate choice olfactory trials using spotted and unspot-
ted male cues, would be a starting point to test this hypothesis.

Even if Sc is not under direct selection during mate choice, it might be indirectly selected
if an associated trait is. We know female swordtails typically prefer larger males (Cummings et
al., 2008; Ryan and Cummings, 2013; Fernandez and Bowser, 2010) and although in X. cortezi
Sc males are bigger (Fernandez and Bowser, 2010), | found that X. birchmanni spotted males are
smaller than unspotted ones (Figure 8 a). We also know that X. birchmanni females prefer males
with smaller dorsal fins (Fisher and Rosenthal, 2006b) and spotted individuals showed a ten-
dency to have bigger dorsal fins (Figure 8). Despite the disadvantage this may pose during fe-
male mate choice, the intended receivers of this signal are males, not females and therefore, in-

trasexual selection can counterbalance the forces of intersexual selection (Fisher and Rosenthal,
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2006b). Indeed, even though the results from this chapter do not support the claim that sexual se-
lection, via mate choice, is contributing to the maintenance of the polymorphism, there are other
mechanisms by which sexual selection can operate such as intrasexual selection in the form of
male competition. Associations studies between spotted caudal and aggression have shed contra-
dicting results in Xiphophorus. Whereas male aggression has been demonstrated to be positively
correlated in X. cortezi (Fernandez, 2010), no effect was found in X. hellerii (Franck et al.,
2001). Future studies should aim to characterize male interactions between spotted and unspotted
individuals in this system.

Finally, we know that personality, specifically boldness, can affect mate choice choosi-
ness. For example, high-exploratory zebra finch females showed lower selectivity and lower
preference scores (David and Cézilly, 2011). Indeed, boldness trials showed that bolder females
showed a preference for spotted individuals (Figure 7 a). This preference instead of reflecting an
actual preference for spotted males, it might be result of females being more relaxed in their mat-
ing decisions. Males however, did not show differences in their boldness between spotted and
unspotted individuals in X. birchmanni (Figure 7 c-d) but did show a correlation in CHAF hy-
brids (Figure 3.4 a). This is an interesting result if we consider the selection pressure difference
between both populations (Figure 5 a). Spotted individuals being shyer is in line with what is ex-

pected if spotted individuals are being differentially predated.
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CHAPTER IV

ADGRES5 ACTS AS A MELANOMA TUMOR SUPPRESSOR IN NATURALLY HY-

BRIDIZING XIPHOPHORUS.

Introduction

Xiphophorus has been a dominant system in the study of melanoma since Gordon (Gor-
don, 1931) discovered that certain hybrids of the platyfish (X. maculatus) and swordtails (X.
hellerii) develop a highly malignant melanoma (Meierjohann and Schartl, 2006). From the clas-
sical crossing experiments, we know that theoretically, there are two genetic explanations to how
hybrid melanoma is generated. One it that the observed hybrid melanoma develops because cer-
tain individuals of the platyfish carry an oncogene which is under control of a tumor regulator. In
this case, the tumor regulator acts as a tumor suppressor and therefore the oncogene effect on the
platyfish is only a local dysplasia of melanocytes visible as a black pigment spot of macro-
melanophores. Since the oncogene and the tumor regulator are located in different linkage
groups, when a platyfish hybridizes with a swordtail that lacks both genes some individuals will
express the oncogene without the control of the tumor suppressor and therefore develop malig-
nant melanoma. An alternative explanation could be that instead of the platyfish having an onco-
gene repressed by a tumor suppressor, the platyfish has a pigmentation gene that interacts with a
tumor enhancer from the swordtail. In that case, the pigmentation gene makes a minor contribu-
tion to pigment cell proliferation, only to become malignant once it interacts with the tumor en-

hancer (Schartl, 2008).
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However, biochemical data and transgenic experiments have shown and identified xmrk
as a potent tumor gene, whose expression is necessary and sufficient for tumor development
(Schartl et al., 1999; Schartl et al., 2010). Even though the main oncogene (xmrk) has been iden-
tified and isolated almost 30 years ago (Wittbrodt et al., 1989; Wittbrodt et al., 1992), we still
have not yet been able to identify the tumor regulator gene. A recent study (Powell et al., 2020)
used the naturally hybridizing X. birchmanni and X. malinche system to carry out an admixture
mapping study. Using a high melanoma incidence population, 209 individuals were low cover-
age whole genome sequenced to infer local ancestry and an admixture mapping for spot presence
and melanocyte invasion was performed. The study revealed a strongly associated region on
chromosome 21 where spotting correlated with X. birchmanni ancestry (which coincides with the
same region identified by the GWAS, Chapter 3), and an additional region on chromosome 5 as-
sociated with X. malinche ancestry. The region in chromosome 21, as expected, corresponds to
xmrk. The region in chromosome 5 is a gene called cd97 or adgre5 (I will call it adgre5 from
now on because it is the HUGO Gene Nomenclature Committee approved name). adgre5 be-
longs to a family of G- protein couple transmembrane receptors identified to have varied roles in
cell adhesion and signaling (Yona et al., 2008). In humans, adgre5 is widely expressed in lym-
phocytes, monocytes, macrophages, dendritic cells, granulocytes and smooth muscle (Eichler et
al., 1997). Although adgre5 plays a vital role in the adhesion and migration of healthy immune
cells, it is also a mediator of invasion in a variety of human cancers (reviewed in (Safaee et al.,
2013)). Accordingly, adgre5 is upregulated in RNA-seq data of invasive melanoma, compared to
normal spots in the hybrids and five aminoacid changes, one that occurs in a conserved epider-
mal growth factor—like calcium binding, were found between X. birchmanni and X. malinche.

This gene was also found to be expressed at low levels at the caudal fin tissue in X. birchmanni,
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regardless of the spotting phenotype, but at higher levels in X. malinche and hybrids (natural and

artificial) (Powell et al., 2020).
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Figure 9. Proportion of individuals with melanoma as a function of ancestry at the associated re-
gions on chromosome 5 and chromosome 21. The expected proportion of cases if melanoma risk
were equally distributed among individuals with at least one birchmanni allele at chromosome 21
is indicated by the blue dashed line. Published in Powell et al. 2020
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The association with ancestry at these two sites and melanoma is not random: in order for
increased melanoma risk, there has to be at least one copy of X. birchmanni xmrk and adgre5 has
to come from X. malinche (Figure 9). In fact, heterozygous individuals for adgre5 had smaller
spots than X. malinche homozygous individuals, which repercusses in lower probability of be-
coming invasive. This interesting result can be interpreted in two ways: (i) the X. malinche allele
of adgre5 is a tumor enhancer that interacts with xmrk and triggers a change from benign to ma-
lignant pigmentation, or (ii) malignant melanoma only arises in the absence of the tumor sup-
pressor X. birchmanni allele of adgre5. These two hypotheses, although they would produce
same pattern of ancestry associations, imply very different subjacent mechanisms explaining
those patterns. Whereas the first hypothesis suggests the action of a tumor enhancer, the second
one advocates for the presence of a tumor suppressor. These differences are crucial in the reper-
cussions they may have for future research and therefore this chapter of my dissertation focuses
on functionally testing the role of these alleles by analyzing their effect independently on cell
growth and in vivo.

| performed cell culture analysis of cell growth and migration using melan-a cells. Melan-
a cells are the first known line of non-tumorigenic mouse melanocytes (Rossato et al., 2014).
They offer an excellent equivalent non-tumorigenic line for studies of the cellular and molecular
basis of melanoma malignancy (Bennett et al., 1987), specially for studies aiming to understand
the mechanisms triggering the change from benign pigmentation to malignant melanoma. If we
consider that one of cancer’s main characteristics is unlimited cell growth and potent metastatic
properties (Otto, 1956), | would expect a tumor enhancer gene to cause cells to grow and migrate
more whereas tumor suppressor genes to cause the opposite effect. Even though melanoma mod-

ifying genes are easiest to investigate in cell culture models, animal models are imperative if we
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aim to evaluate their importance in the context of the whole organism. Moreover, the advantage
of establishing transgenic organisms is that we can study the isolated effects of the induced gene
without other unknown possible genetic interactions. Therefore, in order to study the interaction
between tumor modifier candidate genes and the oncogene in vivo, | developed stable transgenic
lines using the already established tg(mitf:xmrk) transgenic medaka line. | used medaka rather
than Xiphophorus because Xiphophorus is a live bearing fish and therefore transgenic approaches
are not easily available. In Xiphophorus, xmrk is expressed only in the melanocytes but given its
potent oncogene characteristics, it can transform other cell types. Thus, in the medaka transgenic
model, xmrk expression needed to be driven by a pigment cell specific promoter: microphtalmia
related transcription factor (mitf). mitf is a basic helixloop-helix-leucine zipper transcription fac-
tor whose expression is specific to pigment cells and sufficient to differentiate blastula derived
stem cells to melanocytes (Béjar et al., 2003). With these experiments | aim to isolate the effects
of each species adgre5 allele. I expect that either X. birchmanni adgre5 transgenic fish develop
less melanoma, or X. malinche adgre5 transgenic fish develop more. These results will allow us

to determine whether adgre5 is a tumor suppressor or a tumor enhancer.

Methods

Cell culture

All cells were thawed under sterile conditions and Melan-a cells were maintained at 37°C
and 5% CO2 in an incubator. Melan-a cells were grown in DMEM with pyruvate (Gibco), with
10% FCS and 1% penicillin/streptomycin. Cells were regularly monitored for Mycoplasma con-

tamination. Depending upon the confluency, cells were regularly sub-cultured (1-2 times a
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week). For this purpose, cells were detached with 1x trypsin in EDTA/PBS and then passaged.
For long-term storage, cells were frozen in freezing medium, containing DMEM, 20% FCS and

10% DMSO and were stored at -80°C.

Cell lines

To achieve doxycycline-inducible expression cell lines, I used the vector pSB-ET-IE (M.
Gessler, Dept. of Developmental Biochemistry, University of Wurzburg), which allows integra-
tion of my genes by sleeping beauty-mediated transposition. Dox inducible promoters allow ele-
gant experimental designs in which the expression of the targeted gene can be precisely regu-
lated. Here, the responsive T6 promoter drives expression of my gene and EGFP, with an IRES
site between them (Figure 10 a). After transposition, these cells were selected with 1 ug/ml puro-

mycin for 2 weeks.
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Figure 10. a) Map of the used for cell transfections. X. birchmanni and X. malinche plasmids are
exactly the same except ORF of the adgre5 which corresponds to each species. b) Bright field
view of melan-a cells under an inverted microscope with a 63x objective ¢) Fluorescence image
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First, I amplified X. malinche and X. birchmanni alleles of adgre5 using primers with
overhang Xbal and Clal restriction enzyme sites. PCR amplification was done using cDNA from
tissue samples of organisms collected in Coacuilco (X. birchmanni) and Chicayotla (X. ma-
linche). PCR amplification was carried out with the High Fidelity Q5 (New England Bio Labs
#MO0491S). Respective restriction enzymes were used to clone the PCR product into the vector
and wild type melan-a cells were transfected using Fugene transfection reaction (according to
manufacturer’s protocol). As a result, pSB-ET-IE_X. malinche_adgre5, and pSB-ET-IE_X.

birchmanni_adgre5 stable cell lines were generated.

RNA extraction, cDNA synthesis and gPCR

From three independent replicates of cells, per treatment, per cell line, total RNA was ex-
tracted from freshly harvested cells or cell pellets frozen at -80 °C. RNA isolation was performed
using TRIzol reagent according to the manufacturer’s protocol. DNA digestion was performed
with DNase | for 1 h at 37 °C. RNA concentration was then determined by a NanoDrop spectro-
photometer. Subsequently, 100-4000 ng of RNA was reversely transcribed using a RevertAid
First Strand cDNA Synthesis Kit and random hexamer primers according to the manufacturer's
instructions. Fluorescence-based RT-gPCR was performed and analyzed with a Mastercycler ep
Realplex using SYBR Green reagent. Gene expression was normalized to a housekeeping gene
(hprt), which remained unaltered under the treatment conditions using delta-delta Ct method
(Figure 11). Moreover, cells were checked for GFP expression an inverted fluorescence micro-

scope with a 63x objective was used to further verify the success of the transfection (Figure 10

c).
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Figure 11. qPCR data of adgre5 expression relative to the housekeeping gene hprt in melan-a
cells after one day of dox induction. Xmal = stable cell line transfected with the X. malinche al-
lele of adgre5. Xbir = stable cell line transfected with the X. birchmanni allele of adgre5. The

number besides Dox indicates how many mg/ml of Dox were added to cell culture media. The
plot shows the mean, and whiskers indicate two standard errors of the mean.
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Cell growth assay

To investigate the cellular growth MTT assays were performed. Cells were counted and
seeded in triplicate at equal density (1-2 x 103 cells/well) in 96-well plates. Cells were assigned a
dox 0 or dox 500 (500 mg/ml) induction by adding respective dox concentrations to cell media.
2, 3and 4 days after treatment, 5 mg/ml of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was added at a ratio of 1:5 (MTT:medium) to each well. After 2 hours of incuba-
tion at 37°C, the medium was aspirated and 150 pl of DMSO was added to each well. The plate
was then incubated at room temperature for 15 minutes on a shaking device. To measure forma-
zan accumulation, the optical density at 590 nm with a reference filter of 620 nm was measured
using a micro-plate reader. Quintuples for each treatment, species and duration of the experi-
ments were performed. Cell growth was calculated as the difference in optical density at 590 nm
observed in dox 500 induced cells minus the optical density at 590 nm observed in dox O cells.
Statistical differences between adgre5 X. birchmanni and X. malinche alleles in cell growth were

determined with an ANOVA and a Tukey post hoc test.

Transwell migration assay

To study the migration ability of cells, transwell migration assays were performed. 2x103
cells, previously starved in 1% dialyzed FCS, and either dox 0 or dox 500 (500mg/ml), for 24
hours were applied in the upper layer of uncoated transwell inlays with 8 um pore diameter in
24-well plates. To stimulate migration, medium containing 10% FCS, and either dox 0 or dox
500 (500mg/ml), was applied to the lower layer of the transwell and cells were allowed to mi-
grate for 16 hours. Each assay was performed in triplicates per cell line and per dox treatment.

Non-migrated cells were removed by cotton swabs and migrated cells were fixed with methanol,

60



stained by 0.2% crystal-violet dye in 2% ethanol for 15 minutes and washed with PBS. The
membrane was cut out of the transwell inlay and embedded with Mowiol (polyvinyl alcohol) on
microscope slides. Images of the membranes were made, and cells were counted under the mi-
croscope. Migration was calculated as the difference between number of cells that migrated in

dox 500 induced cells minus the number of cells that migrated in dox O cells

Isolation of the Xiphophorus adgre5 and construction of expression vectors with tyrp fugu
promoter

Even though a powerful oncogene’s (xmrk) expression can thrive when controlled by the
mitf promoter, that is not necessarily the case for a tumor modifier candidate gene. Moreover,
there is evidence (Dr. Frederik Helmprobst, personal communication, paper in review) that the
mitf promoter is an overall relatively weak promoter. Therefore, adgre5 was tested driven by a
stronger pigment cell specific promoter: Fugu rubripes Tyrosinase-related Protein 1 gene (tyrp)
(Zou et al., 2006). Tyrp is an enzyme required for melanin synthesis and is specifically expressed
in melanocytes or melanophores (del-Marmol and Beermann, 1996).

To isolate the adgre5 gene from Xiphophorus, a high-fidelity PCR (using Q5 Taq en-
zyme) was performed from cDNA extracted from either X. birchmanni or X. malinche using

overhang primers containing the Xbal restriction enzyme cutting site.
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| extracted mCerulean with its promoter and a bGH poly(A) site using Kpnl restriction
enzyme from the brainbow vector (kindly provided by Brigitta Wilde). Then | linearized the pls-
cel-typr-pa 3 plasmid (kindly provided by Dr. Mateus Adolfi) containing the tyrp fugu promoter,
with Kpnl restriction enzyme and ligated them together. The vector created was subsequently di-
gested with Xbal and ligated to the previously digested with Xbal adgre5 PCR fragments. There-
fore, specific plasmids were created containing either the X. malinche or X. birchmanni alleles of
adgre5 under the expression of the tyrp fugu promoter (Figure 12 a)

In order not to extend myself I will summarize each cloning step briefly. Each step was
performed according to manufacturer’s protocols. Before cloning, each vector was transformed
in an agar plate with competent bacteria overnight. Then following day, single colonies were col-
lected and grown overnight in LB medium + antibiotic. Using a Quiagen Mini Prep Kit | ex-
tracted the plasmid from the bacteria and then enzyme restrictions were set up. After restrictions,
a gel was run and the appropriate band was cut out from the gel and purified using the Quiagen
Gel Extraction Kit. Subsequently, another gel is run to verify a single band has been extracted
and then the ligation reaction is set up. This newly formed vector need to be transformed again
overnight and the following day, a colony PCR was performed. Positive bacteria colonies are
grown on LB medium + antibiotic overnight and the following day the plasmid was extracted us-
ing the Quiagen Mini Prep Kit. Plasmids were verified by sequencing to check for mutations dur-

ing cloning.

Production of stable transgenic medaka
Transgenic lines were established using the genetically mixed and not inbred Carbio
medaka strain and they developed pigments with a 100% penetrance (Schartl et al., 2010). An

interesting characteristic of the mitf:xmrk transgenic medaka is that the melanoma they develop
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shows striking ultrastructural and histopathological similarities to human melanoma. As in hu-
mans, the fish melanoma cells contain strongly deformed nuclei and immature melanosomes,
which are characteristic for poorly differentiated melanoma and it often metastasizes to the liver
(Gimenez-Conti et al., 2001). Further information regarding the isolation of the medaka mitf pro-
moter and the production of the stable tg(mitf:xmrk) transgenic lines can be found in Schartl et al
2013 (Schartl et al., 2010).

For the generation of stable transgenic lines, the injection meganuclease protocol was
used since it was demonstrated to be more effective than injecting just the plasmid because it re-
duces mosaic expression, increases frequency of positive founder fish and increases germline
transmission rates (Thermes et al., 2002). One-cell stage of the tg(mitf:xmrk) medaka embryos
(strain: Carbio) were injected into the cytoplasm with approximately 15-20 pg of total DNA
plasmid in a volume of 500 pl injection solution containing I-Scel meganuclease. Adult FO fish
were mated with each other and the offspring were tested for the presence of the transgene by
screening of blue eyes under UV light (mCerulean effect). Siblings from positive F1 fish were
raised to adulthood and tested by PCR from dorsal fin clips, as described in (Altschmied et al.,
1997).

All animal studies have been approved by the authors' Institutional Review Board (Ani-
mal Welfare Officer of the University of Wurzburg). Adult fish were maintained under standard
conditions (Kirchen and West, 1976) with an artificial photoperiod (10 hours of darkness, 14
hours of light) to induce reproductive activity. Clusters of fertilized eggs were collected 0.5-1
hour after the onset of light and kept in a rearing medium containing 0.1% NaCl, 0.003% KClI,

0.004% CaCl2 x 2H20, 0.016% MgS0O4 x 7H20, and 0.0001% methylene blue.
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F1 Fish (8 tg(typr:Xmal_adgre5/mitf:xmrk), and 7 tg(typr:Xbir_adgre5/mitf:xmrk)) were
anesthetized in MS-222 and photographed with a Nikon D300 digital camera with a Tamron SP
90mm F/2.8 1:1 Macro lenses. Individuals were quantified for hyperpigmented melanin area
from the images using ImageJ (Schneider et al., 2012). Data fit normality principles and there-

fore it was analyzed with an ANOVA and a Tuckey post hoc test.

Results

Melan-a cells integrated and expressed the vectors containing the X. birchmanni or X.
malinche allele adgre5 and responded accordingly to different levels of dox inductions (Figure
11, ANOVA p value < 0.001 between dox treatments) but no differences were observed in the
levels of expression of adgre5 between cell lines containing the different alleles (Figure 11,
ANOVA p value > 0.05 for differences between X. birchmanni and X. malinche adgre5 alleles).
Melan- a cells transfected with the X. birchmanni allele of adgre5 showed less growth than me-
lan-a cells transfected with the X. malinche allele of adgre5 after 3 and 4 days of cell growth
(Figure 13 a, ANOVA p value < 0.0001, Tukey post hoc pvalues, X.bir-X.mal day 2 = 0.49,
X.bir-X. mal day 3 = 0.0006, X.bir-X.mal day 4 = 0.0019). Melan-a cells transfected with the X.
birchmanni allele of adgre5 migrated less than melan-a cells transfected with the X. malinche al-

lele of adgre5 (Figure 13 b, t test p value = 0.00582)
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Figure 13. a) Cell growth (calculated as the difference in optical density at 590 nm observed in
dox 500 induced cells minus the optical density at 590 nm observed in dox O cells.) for each cell
line and for each duration of the growth experiment. The dashed red line indicates no difference
in growth between dox treated and untreated cells. b) Migration assay (calculated as the differ-
ence between number of cells that migrated in dox 500 induced cells minus the number of cells
that migrated in dox 0 cells). Xmal = stable cell line transfected with the X. malinche allele of
adgre5. Xbir = stable cell line transfected with the X. birchmanni allele of adgre5. Asterisk
means the difference is statistically significant. The plot shows the mean, and whiskers indicate

two standard errors of the mean.
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Transgenic medaka lines containing the X. birchmanni allele of adgre5, tg(tyrp:X.bir_ad-
gre5/mift:xmrk), showed significant reductions of pigmentation compared to X. malinche adgre5
medaka lines, tg(tyrp:X.mal_adgre5/mift:xmrk), or tg(mitf:xmrk) medaka line (Figure 14, Figure
15. ANOVA p value < 0.0001, Tukey post hoc p values, tg(tyrp:X.bir_adgre5/mift:xmrk)-
tg(mitf:xmrk) < 0.00001, tg(tyrp:X.bir_adgre5/mift:xmrk)- tg(tyrp:X.mal_adgre5/mift:xmrk) <
0.00001). tg(tyrp:X.mal_adgre5/mift:xmrk) and tg(mitf:xmrk) medaka lines did not show signifi-
cant differences between them (Tukey post hoc p values, tg(tyrp:X.mal_adgre5/mift:xmrk)-

tg(mitf:xmrk) = 0.85).
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Figure 14. Close up photographs of the different transgenic lines. All individuals photographed

of tg(typr:Xmal_adgre5/mitf:xmrk), tg(typr:Xbir_adgre5/mitf:xmrk) are F1s, tg(mitf:xmrk) are
more than 30 generations old.
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Figure 15. Hyperpigmentation area (corrected by standard length) for each transgenic line gener-
ated. Asterisk means the difference is statistically significant. The plot shows the mean, and
whiskers indicate two standard errors of the mean.
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Discussion

The lack of differences in pigmentation between the tg(typr:Xmal_adgre5/mitf:xmrk) and
tg(mitf:xmrk), as well as the striking reduction of pigmentation of tg(typr:Xbir_ad-
gre5/mitf:xmrk), are clear indicators that adgre5 acts as a tumor suppressor. This agrees with the
fact that pigment cells transfected with the X. birchmanni allele of adgre5 caused cells to grow
slower and migrate less than those transfected with the X. malinche allele of adgre5. ADGRES5 is
a prototypic member of the Adhesion class of G protein-coupled receptors (Adhesion GPCRS),
which plays vital roles in numerous developmental processes as well as in tumorigenesis. Alt-
hough it has been demonstrated that adgre5, under apoptotic conditions, can increase tumor cell
viability by inhibiting of caspase activation and modulation of anti- and pro-apoptotic members
of the BCL-2 superfamily (Hsiao et al., 2015), it has also been demonstrated that G protein-cou-
pled receptors inhibit melanoma tumor growth and metastasis (Xu et al., 2006). In fact, a recent
review (Langenhan, 2020) proposes Adhesion G protein—coupled receptors as candidate metabo-
tropic mechanosensors and novel drug targets for numerous cancer types because they are sur-
face molecules that act as mechanosensors. Moreover, another recent study (Regneri et al., 2019)
also demonstrated that xmrk can be suppressed when co-expressed with a known potent tumor
suppressor in medaka transgenic lines. Future studies to further characterize the role of adgre5 as
a tumor suppressor are much needed. For example, | would expect that a tissue specific knock-
out of medaka adgre5 should cause even more malignant melanoma phenotypes (Regneri et al.,
2019). Moreover, comparing these cell cultures results to studies performed in the PSM cell line

should be particularly informative. The PSM cell line was established from melanoma tissue of
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an adult F1 maculatus — hellerii (albino) hybrids and they highly overexpress xmrk (Wakamatsu,
1981).

Powell et al. 2020 had a big impact because it was the first study to propose a candidate
single gene hybrid incompatibility in naturally occurring hybrids. Almost simultaneously, an-
other important example of hybrid incompatibility single gene identification came from the
closely related hybrids between X. maculatus and X. helleri. A recent study by Lu et al. 2020 (Lu
et al., 2020) finally tackled the mystery that has been haunting researchers since xmrk was dis-
covered: which is the tumor modifier gene that interacts with xmrk to cause hybrid melanoma.
By a successive backcross of hybrids that lack tumors but show enhanced pigmentation of their
dorsal fin (xmrkX. mac/— and heterozygous for R(diff)X. mac/X. hel) they successfully intro-
gressed the R(diff) locus from X. maculatus into an X. helleri genetic background. Combining
genome sequencing with association analyses, they identified a ~100-kb interval containing
three genes. RNA sequencing confirmed that only rab3d is expressed in the dorsal fin and they
found an aminoacid change in the RAB3D protein between X. hellerii and X. maculatus rab3d.
Future studies should focus on experimentally test the role of rabd3. Transgenic studies with the
medaka tg(mitf:xmrk) line as well as cell culture experiments, should be particularly informative.

These mapping results are interesting because they propose a different gene (7 Mb apart
from adgreb) interacting with xmrk as responsible hybrid incompatibilities in closely related
pairs of hybrids. This suggests that a melanoma incompatibility involving xmrk originated inde-
pendently in two distinct lineages. Although worded differently, this was hypothesized consider-
ably before these studies were published. Schartl 2008 discussed that R (as it was called the then

unknown tumor regulator gene) “could have preexisted before xmrk arose and would have sup-
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pressed the melanoma from the moment when the oncogene arose”. The most parsimonious hy-
pothesis is that that xmrk originated in a common ancestor to all Xiphophorus and that it has been
repeatedly lost in several branches of the tree. On the contrary, it appears as if all species have R,
but different alleles, because different hybrid crosses have different levels of xmrk suppression
(Anders, 1967; Atz, 1962). Now that R has been identified independently in two different
Xiphophorus hybrids, we can say that R “different alleles” are actually different genes. This is
not surprising if we consider that in both cases, this hybrid incompatibility appeared in similar
situations: both X. helleri and X. malinche lack xmrk and therefore the interacting gene can
evolve constraint free and independently in both lineages. As more incompatibilities are mapped
to the single gene level, our understanding of whether there are unifying molecular or evolution-
ary forces driving them will increase.

The search for Bateson-Dobzhansky-Muller hybrid incompatibilities has seen a renewed
interest since we realized hybridization is more common that we thought (Jhonson, 2002;
Schumer et al., 2014). Yet, not many studies have been able to precisely pinpoint the interacting
genes responsible for the incompatibility (Presgraves, 2010). Of those that have, most identify
candidate genes by using hybrids between crosses of model species that no longer hybridize nat-
urally. For example, using Saccharomyces bayanus - Saccharomyces cerevisiae hybrids,
ATPase expression 2 and oligomycin resistance 1 were the genes identified to be responsible for
a sporulation defect causing hybrid sterility in yeast (Lee et al., 2008). Arabidopsis thaliana la-
boratory hybrid crosses have also been used to determine histidinol-phosphate amino-transferase

1 and histidinol-phosphate amino-transferase 2 as the genes responsible for embryo lethality (Bi-
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kard et al., 2009) and dangerous mix 1 as the gene activating hybrid necrosis triggered by an au-
toimmune response (Bomblies et al., 2007). Drosophila (Masly et al., 2006) and other less con-
ventional species (Zuellig and Sweigart, 2018; Yu et al., 2018) also include this short list.

The list grows meaningfully shorter if considered which, from the studies able to pinpoint
single gene effects, actually are able to experimentally test them and effectively assign a causal
relationship between the gene interaction and the hybrid incompatibility. Among those few, there
is two studies in Drosophila that generated transgenic lines to show that hybrid male rescue
(Hmr) causes lethality and female sterility in hybrids among D. melanogaster and its sibling spe-
cies (Barbash et al., 2003) and that Lethal hybrid rescue (Lhr) has functionally diverged in Dro-
sophila simulans and interacts with Hmr, to cause lethality in F1 hybrid males (Brideauheather et
al., 2006). To date, there is only one other study that experimentally tested a hybrid incompatibil-
ity in vertebrates. Mihola et al. 2009 generated six transgenic mouse lines to test, individually,
gene by gene, each of the six genes associated with the hybrid sterility 1 (Hst1) region (Trach-
tulec et al., 2008). With this Herculean effort, they were able to identify Pr domaincontaining 9
(Prmd9) as the gene responsible for the incompatibility, caused by spermatogenic failure via ac-
tivation of genes essential for meiosis by methylation of histone H3 at lysine 4.

As far as | know, this is the only study that has experimentally validated a candidate gene
involved in a hybrid incompatibility in species that currently hybridize naturally. Similar studies
to this will shed important light to how incompatibilities affect speciation, more specifically,
whether mapped incompatibilities were responsible for triggering divergence between species or

they simply appeared after these lineages had stopped exchanging genes.
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The results of this chapter demonstrate pretty clearly that adgre5 acts as a tumor modifier
and highlights the importance of following mapping studies with functional ones. Future re-
search characterizing the specific mechanism by which adgre5 suppresses xmrk promises to be
of great biomedical significance. Only in 2021, 106110 new cases of melanoma and 7180 deaths
occurred in the U.S. due to melanoma. Invasive melanoma accounts for about 1% of all skin can-
cer cases, but the vast majority of skin cancer deaths (American Cancer Society, 2021). Any in-
sights on how a tumor suppressor gene might act to counteract an oncogene will prove to be of

great value in developing cures for melanoma.
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CHAPTER V

CONCLUSIONS

The study of color polymorphism is and has been important to understand how evolution
operates in several contexts (Kronforst et al. 2012). Research traditionally focused on natural his-
tory, ecology, and behavior related to color and color polymorphisms but our understanding of
the actual genetic material responsible for evolutionary change stills needs to catch up (Gray and
McKinnon, 2007). Most of our knowledge comes from well-established animal models, but there
are plenty of emerging systems. The genus Xiphophorus of livebearing fishes presents a striking
variation in melanin-based pigmentation patterns, which are polymorphic within and between
species (Basolo, 2006; Culumber, 2014). Moreover, Xiphophorus benefits from recently devel-
oped genomic resources (Schartl et al., 2013; Schumer et al., 2012, 2014, 2016) and has an intri-
cated history of hybridization (Cui et al., 2013). Hybridization provides a great resource to pin-
point genes of interest, disentangle multivariate effects on fitness, and measure evolutionary
change in real time.

The Bateson- Dobzhansky-Muller model of hybrid incompatibility proposes that new mu-
tations arising in diverging species can interact negatively in hybrids, casing hybrids to have a
reduced fitness in comparison to parental species (Orr, 1996). After realizing hybridization is more
common than we thought (Jhonson, 2002) the search for hybrid incompatibilities has seen a re-

newed interest. And yet, only a few studies have been able to identify the hybrid incompatibilities
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to the single-gene level (Presgraves, 2010). This study uses naturally hybridizing Xiphophorus
species (X. birchmanni and X. malinche) to identify and test novel genes associated with melanoma
and explores several hypotheses that attempt to explain how can melanoma persist in the wild.

Xiphophorus has been a dominant system in the study of melanoma since Gordon (Gor-
don, 1931) discovered that certain hybrids of the platyfish (X. maculatus) and swordtails (X.
hellerii) develop a highly malignant melanoma (Meierjohann and Schartl, 2006). We know that
in this hybrids melanoma is likely caused by a genetic imbalance between an oncogene and a tu-
mor regulator gene. The hypothesis is that in X. maculatus there is an oncogene controlled by a
tumor suppressor and that in X. hellerii these genes are both lacking. When both the oncogene
and the tumor suppressor are present the phenotype results in benign pigmentation. However, in
certain hybrids, because their genome is a combination of both parental species’ genomes, it
sometimes happens that the oncogene is expressed without the control of the tumor suppressor
and therefore they develop malignant melanoma. X. birchmanni is polymorphic for a pigmenta-
tion spot on its caudal fin called spotted caudal. X. malinche lacks this pigmentation pattern. Hy-
brids between them are also polymorphic for the spot and can develop malignant melanoma from
them. | looked into whether this melanoma between naturally occurring hybrids was also caused
by a hybrid incompatibility.

Interestingly, the frequency of Sc and melanoma varies a lot between different hybrid
populations. In Chapter Il of my dissertation, | looked into the relationship between population
ancestry structure and Sc frequency and malignancy. As expected in a hybrid incompatibility

scenario, | found that ancestry admixed populations showed higher frequencies and malignancy
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of Sc compared to ancestry structured population. Therefore, in order to identify the genes in-
volved in this hybrid incompatibility I first performed a GWAS in X. birchmanni. The GWAS
identified xmrk, a potent known oncogene as the gene driving the expression of Sc.

In Chapter 111 of my dissertation, | investigated how is it possible that a phenotype that
lowers survivorship (Powell et al., 2020) is still present in the wild. Females did not show a pref-
erence for spotted individuals in visual choice trails in neither hybrids nor X. birchmanni. Future
work should focus on characterizing if environmental factors, such as turbidity (Franck et al.,
2001), or intrasexual differences associated with Sc, such as personality or morphological traits
that covary with Sc, can help maintain the trait in the population.

Finally, an admixture mapping study that followed up the results of Chapter Il of my dis-
sertation proposed adgre5 and xmrk as the genes responsible for the hybrid incompatibility causing
melanoma (Powell et al., 2020). Therefore, in Chapter 1V of my dissertation, | performed func-
tional cell culture and transgenic experiments to demonstrate that adgre5 acts as a tumor suppres-
sor. As far as | know, this is the only study that combines behavior, genomics and molecular biol-
ogy techniques in an integrative approach to identify and functionally test a hybrid incompatibility

(melanoma) to the single gene level in naturally occurring hybridizing species.
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